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Apple fruit acidity which considerably affects fruit taste and flavor is primarily 
determined by malate concentrations. Previous studies reported that apple fruit acidity 
was predominantly controlled by the major QTL Ma. To better understand apple fruit 
acidity, this study attempts to identify and characterize the gene underpinning Ma and 
its associated co-expression gene networks. To achieve the goal, three sets of 
experiments were conducted. The first set of experiments was designed to identify the 
candidate gene for Ma and was summarized in Chapter 1. This chapter presents that 
the Ma locus physically spans over 65kb and harbors two aluminum-activated malate 
transporter (ALMT) -like genes, designated Ma1 and Ma2. Other important findings 
include 1) only Ma1 was expressed in significant correlation with the variation of acid 
levels, and 2) there is a nucleotide mutation that leads to a pre-mature stop codon in 
Ma1.Overall, it concludes that Ma1 rather than Ma2 is the gene underlying Ma.  
The second set of experiments aims at identification of the Ma1 associated co-
expression gene network regulating malate levels in developing fruit of Golden 
Delicious and was reported in Chapter 3. One finding of this chapter is that malate-
pyruvate interconversion, photosynthesis, mitochondrial electron transport, and amino 
acid degradation were important pathways for the change of malate levels in 
developing fruit. The other finding is that symplastic signal transduction, 
transcriptional regulation, post-translational modification and apoplastic roles were 
important in the regulation of fruit acidity.  
The third set of experiments was conducted to identify the Ma1 associated co-
expression gene network controlling acidity in mature fruit of ten diverse apples and 
was described in Chapter 4. Data in this chapter suggested that calcium signaling was 
likely a crucial mechanism that regulates both the expression of Ma1 and the Ma1 
associated co-expression gene network governing fruit acidity.  
Chapter 2 is about improving the current version of apple reference 
transcriptome due to its unaccep low coverage in mapping of RNA-seq reads. The 
improved apple reference transcriptome comprises 71,178 genes (17,524 are novel) 
and increases the coverage of RNA-seq reads from 37-46% to 62-82%. This chapter 
lays a foundation for data analysis in Chapters 3 and 4. In conclusion, this study takes 
the understanding of apple fruit acidity to a higher level and opens more grounds for 
further dedicated studies.  
 
 
 
 
 
 
 iii 
BIOGRAPHICAL SKETCH 
 
Yang Bai was born and brought up in Jinan, the center of Ji-Lu culture, on the 
northeast coast of China. When she was young, she was a quiet, tall, day-dreaming girl 
who had no other major habits but reading and painting. Her favorite books were the 
series of Voyages Extraordinaires by Jules Verne and the Sherlock Holmes novels by 
Sir A.C. Doyle, in which the beauty of nature, the smartness of innovation and the 
power of logical reasoning deeply attracted her and probably initiated her long-lasting 
interest in scientific research. She attended Shandong Normal University and 
graduated in 2007 with a B.S. in Biotechnology. During college, Yang worked in 
various research labs, including those specializing in plant molecular biology, plant 
physiology, and microbiology. She found her passion for the research of horticultural 
crops during her one-year study in Northwest A&F University, and started as a 
graduate student in the Department of Horticulture at Cornell University in the fall of 
2009. Yang has been working with Dr. Xu on research projects investigating the 
regulation of fruit acidity in apple via genetic and genomic approaches. In 2012, she 
was awarded the Perrine Scholarship Award for her research in the field of pomology.  
 
 
 
 
 
 
 
 iv 
 
 
 
 
 
 
 
 
 
 
 
 
This dissertation is dedicated to my dear parents, Zhengming Bai and Wenjing Song, 
Mr. and Mrs. Paul Kisly, for their endless love and support 
 
 
 
 
 
 
 
 
 
 
 
 
 v 
 
ACKNOWLEDGMENTS 
 
I am tremendously grateful to my advisor, Dr. Kenong Xu, for his constant 
attention and guidance. Kenong is a wonderful mentor, whose expertise, 
understanding, and patience added considerably to my graduate experience. His 
guidance and encouragement have helped me grow beyond what I imagined was 
possible.  
I am indebted to my special committee members: Dr. Lailiang Cheng and Dr. 
Jim Giovannoni for guiding the completion of my minor specializations. Lailiang and 
Jim are always encouraging, and their deep understanding in their areas and their 
dedication to excellence in both research and teaching are inspiring. The GC-MS 
metabolite profiling experiments in chapter 3 and 4 were conducted in the Cheng lab 
with the help of Lailiang himself and Ting Wu. My transcriptomic study was largely 
benefited from the helpful discussions with Jim himself, and with his group members: 
Dr. Silin, Zhong, Dr. Nigel Gapper and Yimin, Xu. I would like to gratefully 
appreciate Dr. Zhangjun Fei for his guidance in RNA-seq data analysis and statistical 
interpretation and Dr. Yi Zheng in the Fei lab for the pilot analysis of my data. In 
addition, I would like to sincerely thank Dr. Gennaro Fazio and his group, Dr. Ping 
Wang and his group, Dr. Judy Appleton and her group, Dr. Larry Smart and his group, 
Dr. Herb Aldwinkle, Dr. Susan Brown and Dr. Gan-Yuan Zhong for their generous 
help to my research.  
I would like to thank the other members of the Xu lab for creating a wonderful 
working environment and being supportive all the time. In particular, I am grateful to 
Laura Dougherty, Dr. Dong Liang, Dr. Cuiying Li, Dr. Yuandi Zhu, Dr. Tuanhui, Bai 
and Dr. Aide Wang.  
 vi 
 
I also want to thank my extension supervisor Craig Cramer for his valuable 
guidance in writing and full support and understanding to my research.  
I could have not got through this graduate school adventure without many 
wonderful friends and my family. Thanks to my parents, Zhengming Bai and Wenjing 
Song, and special thanks to Paul and Annie Kisly for their constant and unconditional 
support.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 vii 
 TABLE OF CONTENTS 
 
 
BIOGRAPHICAL SKETCH………………………………………………………. iii 
DEDICATION…………………………………………………………………....... iv 
ACKNOWLEDGEMENTS………………………………………………………... v 
TABLE OF CONTENTS………………………………………………………….. vii 
LIST OF FIGURES………………………………………………………………... ix 
LIST OF TABLES……………………………………………………………….... xii 
CHAPTER 1: A natural mutation-led truncation in one of the two aluminum-
activated malate transporter-like genes at the Ma locus is associated with  
low fruit acidity in apple 
 
 
 
1.1 Abstract…………………………………………………………………… 1 
1.2 Introduction……………………………………………………………….. 2 
1.3 Materials and Methods……………………………………………………. 6 
1.4 Results…………………………………………………………………….. 22 
1.5 Discussion………………………………………………………………… 47 
1.6 References………………………………………………………………… 55 
CHAPTER 2: Towards an improved apple reference transcriptome using RNA-
seq 
 
2.1 Abstract…………………………………………………………………… 61 
2.2 Introduction……………………………………………………………….. 62 
2.3 Materials and Methods……………………………………………………. 64 
2.4 Results…………………………………………………………………….. 73 
2.5 Discussion…………………………………………………………………. 91 
2.6 Conclusion………………………………………………………………… 95 
2.7 References………………………………………………………………… 97 
CHAPTER 3: A co-expression gene network regulating acidity in developing  
apple fruit 
 
3.1 Abstract…………………………………………………………………… 101 
3.2 Introduction……………………………………………………………….. 102 
3.3 Materials and Methods……………………………………………………. 105 
34 Results…………………………………………………………………….. 112 
3.5 Discussion………………………………………………………………… 133 
3.6 References………………………………………………………………… 141 
CHAPTER 4: Uncovering the Ma1 mediated co-expression gene networks 
governing apple fruit acidity 
 
4.1 Introduction……………………………………………………………….. 148 
4.2 Materials and Methods……………………………………………………. 150 
4.3 Results…………………………………………………………………….. 155 
4.4 Discussion…………………………………………………………………. 172 
4.5 Reference………………………………………………………………… 180 
 viii 
APPENDIX 1 185 
APPENDIX 2 199 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 ix 
LIST OF FIGURES 
FIGURE                                                        PAGE 
  
1.1 Fine genetic and haploid specific physical maps of the Ma locus on 
chromosome 16 
9 
1.2  Key informative recombinants identified from populations GMAL  
4590, 4592, 4595 and 4596 and their marker genotypes 
11 
1.3  Alignment of the Ma1 allele coding sequences 18 
1.4  Alignment of the Ma2 allele coding sequences 20 
1.5  Identification and characterization of two BAC clones that completely 
cover the Ma locus and are of different haploid origin 
26 
1.6  Regression between fruit acidity (TA and pH) and relative gene 
expression (Ma1 and Ma2) in 18 apple germplasm accessions 
33 
1.7  Alignment of the Ma1 deduced protein sequences 37 
1.8  Alignment of the Ma2 deduced protein sequences 39 
1.9  Agarose gel analysis of marker CAPS1455 43 
1.10  Survey of marker CAPS1455 genotypes and their association with  
fruit pH 
46 
1.11  Phylogenetic analysis of Ma1 and Ma2 proteins 49 
2.1  Flow chart of sequence analyses conducted to improve the apple 
reference transcriptome 
68 
2.2  Large gap read mapping and transcript discovery and verification 78 
2.3  Novel transcripts identified from reads un-mapped initially. The 
transcripts are annotated or presented with the same elements and  
colors schemes as described in Figure 2.2. 
82 
2.4   Distribution of the 17,524 novel transcripts in MapMan bins 86 
 x 
2.5  Chromosomal distribution of the 8,144 novel transcripts 89 
3.1  Malate concentrations in developing fruit of Golden Delicious (GD) 113 
3.2  Overview of RNA-seq data analysis in the fruit groups of high, mid  
and low malate. 
116 
3.3  Distribution in MapMan bins of the 3,066 genes which were expressed 
not only significantly (P<0.01) in correlation with malate concentrations 
and/or the expression of Ma1, but also significantly (PFDR<0.05) in 
difference between the high and low malate groups 
118 
3.4  The functional classes (MapMan bins or sub-bins) that were 
significantly (PFDR<0.05) co-enriched or co-suppressed in the fruit 
groups of high, mid and low malate 
121 
3.5  Expression of K-means clusters of the 363 genes or transcripts in 
MapMan functional classes that were significantly co-enriched or co-
suppressed differentially in the fruit groups of high, mid and low 
malate 
125 
3.6  A graphic representation of the co-expression gene networks consisted 
of 294 of the 363 genes (shown in Figure 3.5) regulating malate levels  
in developing fruit 
127 
3.7  A detailed view of the 16 core members (B) and their immediate 121 
neighbors (A) in the co-expression network 
131 
3.8  Confirmation of gene expression of three selected genes using qRT-PCR 132 
4.1  Organic acid concentrations in Ma1 genotypes of mama and Ma__ 158 
4.2  Workflow of RNA-seq data analysis using the improved apple  
reference transcriptome 
161 
4.3  Overview of RNA-seq data analysis 162 
4.4  Distribution in MapMan bins of the 303 genes which were expressed  164 
 xi 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
not only significantly (p<0.05) in correlation with Ma1 expression,  
but also significantly (PFDR<0.05) in difference between the mama  
and Ma__ groups 
4.5  A graphic representation of the major and minor co-expression  
gene networks consisted of 279 of the 303 genes (Appendix 2) that  
were associated with Ma1 
166 
4.6  A graphic representation of the Ma1 associated co-expression gene 
networks consisted of 92 primary and secondary neighboring genes 
170 
4.7  Confirmation of gene expression of eight selected genes using qRT-
PCR. 
173 
 xii 
LIST OF TABLES 
TABLE                                                         PAGE 
  
1.1  List of Population segregating for fruit pH 7 
1.2  Apple germplasm accessions used for association survey between  
marker CAPS1455 and fruit acidity 
12 
1.3  qRT-PCR primers and the targeted genes as the Ma locus 17 
1.4  Primer sequences and other relevant information of markers developed  
in the Ma region 
24 
1.5  List of genes predicted in the Ma region 29 
1.6  Ma1 derived EST accessions in GenBank 31 
1.7  DNA and amino acid sequence variations in the Ma1 alleles of G.41 
and Golden Delicious (GD) 
35 
1.8  DNA and amino acid sequence variations in the Ma2 alleles of G.41  
and Golden Delicious (GD) 
41 
2.1  The number of reads in raw, filter-passed and filtered (removed) 70 
2.2  Details of the two published RNA-seq datasets used for evaluating the 
revised reference transcriptome 
74 
2.3  RNA-seq mapping of reads against the current version of apple  
reference transcriptome (Md-v1.0-RT) and its revisions 
75 
2.4  Evaluation of the original and revised reference transcriptome  
Md-v1.0-RT with two published RNA-seq datasets 
85 
2.5  The number of novel transcripts returned with one or more significant  
hits in BLAST searches  
90 
3.1  Overview of RNA-seq reads mapping 108 
 xiii 
 
3.2  The number and K-mean cluster of genes in MapMan bins co-enriched  
or co-suppressed in varying malate groups or samples 
124 
3.3  List of genes of the highest node degrees in the core of the co-expression 
network 
130 
4.1  Overview of RNA-seq reads mapping 153 
4.2  List of primers used in qRT-PCR 156 
4.3 List of genes of the highest node degrees in the Ma1 associated  
co-expression network 
169 
CHAPTER 1 
A NATURAL MUTATION-LED TRUNCATION IN ONE OF THE TWO 
ALUMINUM-ACTIVATED MALATE TRANSPORTER-LIKE GENES AT THE 
MA LOCUS IS ASSOCIATED WITH LOW FRUIT ACIDITY IN APPLE1 
1.1 Abstract 
Acidity levels greatly affect the taste and flavor of fruit, and consequently its market 
value. In mature apple fruit, malic acid is the predominant organic acid. Several 
studies have confirmed that the major quantitative trait locus Ma largely controls the 
variation of fruit acidity levels. The Ma locus has recently been defined in a region of 
150 kb that contains 44 predicted genes on chromosome 16 in the Golden Delicious 
genome. In this study, we identified two aluminum-activated malate transporter like 
genes, designated Ma1 and Ma2, as strong candidates of Ma by narrowing down the 
Ma locus to 65-82 kb containing 12-19 predicted genes depending on the haplotypes. 
The Ma haplotypes were determined by sequencing two bacterial artificial 
chromosome clones from G.41 (an apple rootstock of genotype Mama) that cover the 
two distinct haplotypes at the Ma locus. Gene expression profiling in 18 apple 
germplasm accessions suggested that Ma1 is the major determinant at the Ma locus 
controlling fruit acidity as Ma1 is expressed at a much higher level than Ma2 and the 
Ma1 expression is significantly correlated with fruit titratable acidity (R2=0.4543, 
1 Yang Bai, Laura Dougherty, Mingjun Li, Gennaro Fazio, Lailiang Cheng, Kenong 
Xu (2012). A natural mutation-led truncation in one of the two aluminum-activated 
malate transporter-like genes at the Ma locus is associated with low fruit acidity in 
apple. Molecular Genetics and Genomics 287(8):663-678 
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P=0.0021). In the coding sequences of low acidity alleles of Ma1 and Ma2, sequence 
variations at the amino acid level between Golden Delicious and G.41 were not 
detected. But the alleles for high acidity vary considerably between the two genotypes. 
The low acidity allele of Ma1, Ma1-1455A, is mainly characterized by a mutation at 
base 1455 in the open reading frame. The mutation leads to a premature stop codon 
that truncates the carboxyl terminus of Ma1-1455A by 84 amino acids compared with 
Ma1-1455G. A survey of 29 apple germplasm accessions using marker CAPS1455 that 
targets the SNP1455 in Ma1 showed that the CAPS1455A allele was associated 
completely with high pH and highly with low titratable acidity, suggesting that the 
natural mutation-led truncation is most likely responsible for the abolished function of 
Ma for low pH or high acidity in apple. 
1.2 Introduction 
Organic acids, many of which are intermediates in metabolic processes, play 
significant roles in fruit growth, maturation, ripening and softening. The level of 
organic acids greatly affects the taste and flavor of fruit, and consequently its market 
value. The major determinants of fruit acidity include malic acid, citric acid and 
tartaric acid. In mature apple fruit, malic acid is the predominant organic acid although 
other organic acids such as citric acid, fumaric acid and quinic acid are detectable 
(Zhang et al. 2010). Apple fruit vary widely in pH and titratable acidity (TA) levels. 
However, the acceptable range for dessert apple fruit is often measured within a range 
of 3.1-3.8 in pH or 3.0-10.0 mg/ml in TA, beyond either end of which, fruit acidity is 
either too high or too low for fresh consumption (Brown and Harvey 1971; Nybom 
1959; Visser and Verhaegh 1978). 
2 
Inheritance of high pH or low TA in apple fruit was attributed to a recessive 
gene in early studies (Brown and Harvey 1971; Nybom 1959; Visser and Verhaegh 
1978). The acidity locus was mapped to linkage group (LG) 16 and designated as Ma 
(malic acid), where Ma is noted for the dominant low pH or high acidity allele and ma 
for high pH or low acidity allele (Maliepaard et al. 1998). In other species, major 
genes or quantitative trait locus (QTL) similar to Ma in controlling fruit acidity 
include acitric in citrus (Fang et al. 1997), SS in pomegranate (Jalikop 2007) and pH 
in sweet melon (Lerceteau-Köhler et al. 2012), where low acidity is also inherited 
recessively. The major gene D in peach, however, acts differently with low acidity 
being dominant over high acidity (Boudehri et al. 2009) although both peach and 
apple are members of the Rosaceae family. In tomato, complex and multiple QTLs are 
reported in conditioning fruit acidity levels (Fulton et al. 2002). 
The primary role of the Ma locus in determining fruit pH and TA in apple was 
also demonstrated in QTL studies as a major QTL was consistently detected on LG 16 
(Kenis et al. 2008; Liebhard et al. 2003; Xu et al. 2011). In addition to the Ma QTL, 
multiple minor QTLs of significant effect on acidity were identified in these studies. 
Although the minor QTLs are less consistent, the notion that the Ma locus and minor 
QTLs collectively determine fruit acidity levels is widely accepted. Consistent with 
this notion, a recent report finds that a mixed model of a major gene and polygenes fits 
best in explaining the apple acidity variation in a complex breeding population among 
four models (mixed, Mendelian, polygenic and environmental) tested (Iwanami et al. 
2012). 
Malate metabolism in fruit cells may involve several pathways according to 
recent reviews (Beruter 2004; Sweetman et al. 2009). Malate synthesis is considered 
to occur locally in fruit. The primary path is glycolysis of hexoses derived from 
sucrose and/or sorbitol, which are imported from leaves, in the cytosol of parenchyma 
3 
cells of fruit. Depending upon developmental stages, pathways of photosynthesis in 
the chloroplast, the tricarboxylic acid (TCA) cycle in mitochondrion, and glyoxylae 
cycle in glyoxysome in fruit cells also appear to be important for malate synthesis. For 
degradation of malate, gluconeogenesis and the TCA cycle are likely the main 
pathways. It is possible that the various enzymes involved in malate synthesis and 
degradation, such as phosphoenolpyruvate carboxylase (PEPC), NADP-dependent 
malic enzyme (NADP-ME), and NAD-dependent malate dehydrogenase (NAD-MDH) 
and many others, may play a role in regulating malate metabolism in fruit cells, thus 
acidity of fruit. In addition, the vacuolar transporters, such as the vacuolar pumps, e.g. 
V-ATPase (Schumacher and Krebs 2010), tonoplast dicarboxylate transporter, e.g. 
AttDT (Emmerlich et al. 2003), and members of the aluminum-activated malate 
transporter1 (ALMT1) family proteins (Barbier-Brygoo et al. 2011), e.g. AtALMT9 
(Kovermann et al. 2007) and AtALMT6 (Meyer et al. 2011), may also play critical 
roles in determining fruit acidity as they can regulate the malate accumulation in and 
release from the vacuole in plant cells. 
In apple, the pattern of malate accumulation and degradation is similar in 
developing fruits of several high/medium acid varieties studied, i.e. malic acid level 
significantly increases in young fruit (around 4 weeks after full bloom) and then 
progressively decreases through maturity although the total content per fruit increases 
along with fruit development (Beruter 2004; Hulme and Wooltorton 1957; Ulrich 
1970; Zhang et al. 2010). Several recent studies have attempted to identify candidate 
genes and/or enzymes that may be associated with the acidity variations in apple fruit. 
Using a cDNA-AFLP-based approach, a gene designated Mal-DDNA (DQ417661) of 
unknown function previously appeared to be associated with low acid in a population 
segregating for fruit acidity (Yao et al. 2007). Direct profiling of expression patterns 
and enzyme activities of genes putatively involved in malate metabolism, including 
4 
MdPEPC (EU315246, for PEPC), MdcyME (DQ280492, for NADP-ME) and 
MdVHA-A (EF128033, for subunit A of vacuolar H+-ATPase), found that there were 
differences between low and high acid genotypes (Yao et al. 2009). Involvement of 
genes encoding NADP-ME (GD254910, degradation of malate) and NAD-MDH 
(GD254856, synthesis of malate) in malate accumulation and degradation was also 
reported in a cDNA microarray analysis of 1,536 genes (Soglio et al. 2009). Moreover, 
a gene encoding NAD-MDH (DQ221207) has been functionally demonstrated to be 
involved in malate synthesis in apple (Yao et al. 2011). Overall, these data suggest that 
the genes and/or enzymes studied above may contribute to the variation of fruit acidity. 
However, a detailed analysis of a low acid variety Usterapfel and its high acid 
mutant (Beruter 1998; 2004) indicated that key enzymes in malic acid metabolism, 
PEPC, NAD-MDH and NADP-ME, may not play a key role in determining the 
difference in fruit acidity because there was no difference in the catalytic activity of 
these enzymes between the two contrasting genotypes. Examining the localities of 
these genes in the apple genome (Velasco et al. 2010) appeared to support that these 
enzymes and genes involved in malate metabolism may not be Ma because none of 
those studied above, including Mal-DDNA, is on chromosome 16 where the Ma gene 
resides.  
To uncover the genes underlying Ma, we had defined the Ma locus to a region 
of 150 kb encompassing 44 predicted genes on chromosome 16 in the Golden 
Delicious genome in a previous study (Xu et al. 2011). In this study, we report the 
identification of two aluminum-activated malate transporter (ALMT)-like genes, Ma1 
and Ma2, as strong candidates of Ma. We show that the Ma region is reduced to a 
genomic segment of 65 kb containing 19 predicted genes in Golden Delicious by 
developing three new markers and analyzing two more populations. In two bacterial 
artificial chromosome (BAC) clones that are distinguishable with haplotype ma and 
5 
Ma from apple rootstock G.41, the Ma region harbors 12 predicted genes, including 
Ma1 and Ma2, although it spans over 71 kb in haplotype ma and 82 kb in haplotype 
Ma. We further show that the expression of Ma1 is significantly correlated with fruit 
acidity levels, whereas Ma2 is expressed constantly at low levels across high and low 
acidity fruit. Finally, we show that a single nucleotide mutation in the open reading 
frame of Ma1 that leads to truncation of Ma1 by 84 amino acids is perfectly associated 
with high pH and highly with low TA in 29 apple germplasm accessions studied. 
1.3 Materials and Methods 
1.3.1 Plant materials and fruit pH and TA evaluation 
Four half-sib F1 populations of interspecific crosses were used to further narrow down 
the Ma locus, namely GMAL 4590, GMAL 4592, GMAL 4595 and GMAL 4596 
(Table 1.1). The seed parent of the four populations is Royal Gala (Mama), a widely 
grown apple cultivar (Malus × domestica Borkh.). The pollen parents are elite clones 
of M. sieversii (i.e. of fruit size close to cultivated apple) collected from Kazakhstan 
(Forsline et al. 2003), including PI 613971 (Mama), PI 613978 (mama), PI 613988 
(Mama) and PI 613979 (Mama), respectively. M. sieversii has been proven to be the 
major progenitor species of M. × domestica (Velasco et al. 2010). The four F1 
populations were derived from controlled crosses made in 2002 and planted on their 
own seedling roots in 2004 in the USDA-ARS Apple Germplasm Repository, Geneva, 
NY, USA. Populations GMAL 4590 of 216 individuals and GMAL 4595 of 222 
genotypes were used in a previous study (Xu et al. 2011), but 36 and 23 individuals 
that did not bear fruit in 2010 from the two crosses, respectively, were not included  
6 
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previously. These individuals bore fruit in 2011 and were added in this study (Table 
1.1). Populations GMAL 4592 (155 genotypes) and GMAL 4596 (215 genotypes) 
were used for the first time. Overall, there are 724 fruiting individuals in a total of 808 
genotypes in the four populations (Table 1.1). 
Evaluation of fruit maturity, fruit acidity (pH paper estimates and instrumental 
measurements of pH and TA) was conducted similarly as described previously (Xu et 
al. 2011). Briefly, fruit maturity was determined via starch test that corresponds to 
Cornell Starch Index 4.0-6.0 (Blanpied and Silsby 1992). For pH estimates, pH paper 
(Hydrion Papers, pH 3.0-5.5, Micro Essential Laboratory Inc., Brooklyn, NY) was 
applied onto the fruit cuts at maturity in the orchard. For pH and TA instrumental 
measurements, fruit juice samples were prepared by pooling 5-10 fruits per genotype 
at maturity. The pooled juices were then measured with a pH meter (Accumet AB15, 
Fisher Scientific, Pittsburgh, PA), and subsequently, an autotitrator (Metrohm 848 
Titrino Plus and Metrohm 869 Compact Sample Changer, Herisau, Switzerland). 
Evaluation for most genotypes was conducted either in 2010 or 2011. But for the 
informative recombinants between markers CH05c06 and CH02a03 or CH05a09 
(Figures 1.1a-d, 1.2), pH meter based measurements were obtained in both years if 
fruit were available. 
To examine the association between fruit acidity and the mutation at base 1455 
in gene Ma1, pH and TA of mature fruit were evaluated for 29 representative apple 
cultivars and accessions (Table 1.2, including three progeny from GMAL 4595) grown 
in the USDA-ARS Apple Germplasm Repository, Geneva, New York.  
8 
Figure 1.1 Fine genetic and haploid specific physical maps of the Ma locus on 
chromosome 16. Fine genetic maps of Ma in PI 613988 (a), Royal Gala (b), PI 
613971 (c) and PI 613979 (d) are shown. The number between the markers stands for 
the number of informative recombinants found in the interval. The solid vertical lines 
indicate the position of mapped markers, and the broken vertical lines are for positions 
of the presumed markers. e Physical map of the Ma region (a Genome Brower 
snapshot from the GDR website) in Golden Delicious (GD). The Ma region of 65 kb 
between markers CN889255SNP and 12514.266 is shown with a red solid bar. The 
labeled contigs indicate the source sequences, from which the markers were developed. 
f Predicted genes in the Ma region of GD. There are 19 predicted genes, which are 
conveniently labeled with #10-28, respectively. g A sequenced clone BAC21 of G.41 
covering the Ma region. The numbers show the physical locations of the 
corresponding genes predicted in GD. h A sequenced clone BAC3 of G.41. i A list of 
the 19 genes predicted. Genes not present in G.41 (in purple): MDP0000375685 (#19), 
MDP0000258718 (#23) and MDP0000357895 (#26). Genes outside of the Ma region 
in G.41 (in grey): MDP0000250967 (#24) and MDP0000157412 (#27). Genes spliced 
alternatively (in blue): MDP0000241811 (#17) and MDP0000141005 (#18). Genes 
with duplicated IDs (in orange): MDP0000134560 (#22) and MDP0000139500 (#28). 
Candidate genes of Ma (in black): 12 genes, including MDP0000252114 (Ma1) and 
MDP0000244249 (Ma2) 
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Table 1.2 Apple germplasm accessions used for association survey between marker 
CAPS1455 and fruit acidity. The 1st 18 apple accessions were used for qRT-PCR assay 
Number Name/accession # Species 
1 Britegold M. domestica 
2 Chisel Jersey M. domestica 
3 Cortland M. domestica 
4 Cox's Orange Pippin M. domestica 
5 E7-47 Hybrid 
6 E7-54 Hybrid 
7 Gala M. domestica 
8 Golden Delicious M. domestica 
9 Idared M. domestica 
10 Jonathan M. domestica 
11 KAZ 96 08-17 M. Sieversii 
12 Marshall McIntosh M. domestica 
13 Monroe M. domestica 
14 Novosibirski Sweet M. domestica 
15 Poeltsamaa Winter Apple M. domestica 
16 PRI 1744-1 Hybrid 
17 Sweet Delicious M. domestica 
18 Winter Majetina M. domestica 
19 Delicious M. domestica 
20 Ein Shemer M. domestica 
21 PI 613988 M. Sieversii 
22 Fuji M. domestica 
23 G.41 Rootstock, hybrid 
24 Co-op 15 Hybrid 
25 PI 613976 M. Sieversii 
26 PI 613981 M. Sieversii 
27 GMAL 4595-6-65 Hybrid 
28 GMAL 4595-6-69 Hybrid 
29 GMAL 4595-6-73 Hybrid 
    a   Fruit were not matured about 30 day before maturity 
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1.3.2 Marker development and genetic mapping 
New single sequence repeat (SSR) markers linked to Ma were developed using the 
same strategy as described in Xu et al (2011). Briefly, DNA sequences of contigs 
between the two existing markers 532.669-2 and 20159.150-1 (Xu et al. 2011) were 
downloaded from the Genome Database for Rosaceae (GDR, 
http://www.rosaceae.org/), and analyzed for the presence of potential SSRs markers 
using the web-based program BatchPrimer3 (http://probes.pw.usda.gov/batchprimer3/ 
index.html) (You et al. 2008). Genomic DNA isolation, PCR and SSR analyses were 
conducted as described previously (Xu et al. 2011). 
For single nucleotide polymorphism (SNP) marker development, we targeted 
expressed sequence tags (ESTs) that are present in the region between the two markers 
532.669-2 and 20159.150-1. The presence and segregation of SNP were determined 
by direct sequencing of the PCR products amplified from the five parents and the 
informative recombinants between markers CH05c06 and CH02a03 or CH05a09. 
CAPS1455 is a cleaved amplified polymorphic sequences (CAPS) marker 
targeting base 1455 in the open reading frame of gene Ma1. The PCR program 
includes 2 min at 98 °C, 35 cycles of 10 s at 98 °C, 15 s at 55 °C and 90 s at 72 °C, 
and a final 5 min at 72 °C. PCR were conducted in a volume of 20 µl, which includes 
1× PrimeSTAR® MAX DNA Polymerase (R045A, Takara/Clontech, Mountain View, 
CA), 0.5 mM of each primer and 30 ng of genomic DNA. Restriction digestion was 
performed at 37 °C for overnight in a volume of 20 µl that contains 10 µl PCR 
products, 2 U of BspHI (New England Biolabs, Ipswich, MA), 1× NEBuffer 4. Gel 
analysis of CAPS1455 was conducted with agarose gels of 1.5% (w/v). 
Mapping of markers in relation to the Ma locus was conducted with the 
informative recombinants between SSR markers Hi22f06 and CH02a03 or CH05a09, 
13 
which were identified from the four populations described above. The informative 
recombinants, as explained previously (Xu et al. 2011), refer to individual trees 
developed from zygotes that combined a parental-type gamete of an allele of ma (non-
recombinant) with a recombined gamete near the Ma locus. Recombinants derived 
from zygotes that include a parental-type gamete of an allele of Ma (non-recombinant) 
are considered non-informative in this study. This is because the strong dominance 
effect of allele Ma from the parental-type gamete would make the effect of allele Ma 
or ma from a recombined gamete difficult, if not impossible, to detect by pH or TA 
values. 
1.3.3 Identification of BAC clones and sequencing 
The BAC library was constructed from G.41, an apple rootstock developed from an 
interspecific cross Malling 27 × Robusta 5 (Cummins et al. 2006). The mature fruit of 
G.41 are small (2-3 cm in diameter) and have astringent taste (not edible) and high 
acidity (pH=3.1, TA=13 mg/ml), suggesting that G.41 has a genotype of MaMa or 
Mama. The BAC library was constructed by Amplicon Express (Pullman, WA) using 
a restriction enzyme/vector combination of MboI/pECBAC1. It has a total of 41,472 
clones with an average insert size of 120 kb, which provides approx. 6.6× coverage of 
the apple genome. The library was pooled at two levels with a total of five dimensions. 
The first level is the nine super pools, each of which comprises 12 plates containing a 
total of 4608 (12 × 384) clones. The second level is the nine sets of matrix pools, and 
each set was pooled from the 12 plates associated with one of the nine super pools. 
One set of matrix pool includes eight matrix plate pools (P:1.2.3; P:4.5.6; P:7.8.9; 
P:10.11.12; P:1.5.9; P:2.6.10; P:3.7.11; P:4.8.12) pooled from three of the 12 
individual plate pools, eight matrix row pools (R:A.B.C.D; R:E.F.F.G; R:I.J.K.L; 
14 
R:M.N.O.P; R:A.E.I.M; R:B.F.J.N; R:C.G.K.O; R:D.H.L.P) pooled from four of the 
16 individual row pools, ten matrix column pools (C:1.2.3.4.5.6.; C:7.8.9.10.11.12; 
C:13.14.15.16.17.18; C:19.20.21.22.23.24; C:1.7.13.19; C:2.8.14.20; C:3.9.15.21; 
C:4.10.16.22; C:5.11.17.23; C:6.12.18.24) pooled from six or four of the 24 individual 
column pools, and ten matrix diagonal pools (D:1.2.3.4.5.6; D.7.8.9.10.11.12; 
D.13.14.15.16.17.18; D.19.20.21.22.23.24; D:1.7.13.19; D:2.8.14.20; D:3.9.15.21; 
D:4.10.16.22; D:5.11.17.23; D:6.12.18.24) pooled from six or four of the 24 
individual diagonal column pools. Different from a common individual column pool, 
which is pooled from the same column across a stack of 12 plates, an individual 
diagonal column pool comprises 12 varying columns on the diagonal line from the 
stack of 12 plates. For example, diagonal column pool D1 is pooled from column (C) 
1 in plate (P) 1, C2 in P2… and C12 in P12, and pool D2 is from C2 in P1, C3 in P2… 
and C1 in P12. 
Screening of BAC clones was conducted on the library super pools and their 
associated matrix pools using the Ma-linked PCR-based markers we developed. BAC 
clones originated from the Ma region were restricted with endonuclease BamHI and 
NotI (New England Biolabs, Ipswich, MA) and then analyzed by PFGE (pulse field 
gel electrophoresis) using CHEF-DR II System (Bio-Rad, Hercules, CA) for 
preliminary fingerprinting and size estimation. BAC sequencing was conducted using 
a 454 GS FLX system at Cornell Biotechnology Center and assembled with the 
Newbler Assembly (454 Life Sciences, Branford, CT). 
1.3.4 Gene prediction and annotation at the Ma locus 
Genes predicted in the Ma region of Golden Delicious (Velasco et al. 2010) were 
adopted and their CDS (coding sequences) and deduced protein sequences were 
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downloaded from GDR. Confirmation of gene annotation was carried out by searching 
the GenBank non-redundant protein database using the BLASTP program with a 
cutoff expected value of 10-9. Putative functions of the predicted genes were annotated 
with the GenBank accession numbers of the highest similarities and associated 
functions if known. 
1.3.5 Quantitative (q) RT-PCR assay of Ma candidate genes 
Total RNA from mature fruit of 18 of the 29 apple accessions (Table 1.2) was isolated 
using Spectrum™ Plant Total RNA Kit (Sigma-Aldrich, St. Louis, MO) with three 
biological replicates. Reverse transcription reactions were carried out with 1.8 μg of 
total RNA using the Superscript III RT (Invitrogen, Carlsbad, CA). The resulting first 
strand cDNA was diluted by fivefold, and then used as templates for qRT-PCR 
analysis, in which a Malus (Gala) actin gene/EST (EB136338) served as a reference 
with primers Actin F (5’-GGCTGGATTTGCTGGTGATG-3’) and Actin R (5’-
TGCTCACTATGCCGTGCTCA-3’).  
Two rounds of qRT-PCR were performed. In the initial round, all 12 genes 
predicted at the Ma locus were screened with their gene specific primers (Table 1.3). 
Four low acid (Britegold, KAZ 96 08-17, Novosibirski Sweet and Sweet Delicious) 
and four high acid (Cox's Orange Pippin, Golden Delicious, Marshall McIntosh and 
Winter Majetin) apple accessions were used. cDNA of each genotype was bulked 
evenly from the three replicates and then used for qRT-PCR. In the second round, 
three selected genes (Ma1, Ma2 and MDP0000141005) were analyzed in detail with 
all 18 apple accessions. The gene specific primers (Table 1.3) for Ma1 are: Ma1F (5’-
CGTCATGGTGTCTGGAACAT-3’) and Ma1R (5’-CTCCATGGCAAAAACCTG 
16 
TC-3’), and those for Ma2 are Ma2F (5’-TCGGAAGACGGCCTAATGGA-3’) and 
Ma2R (5’-TTGAAGCCGGGCAACAAACT-3’). These gene specific primers were 
designed to cover the known alleles of Ma1 and Ma2 (Figures 1.3, 1.4). 
Table 1.3 qRT-PCR primers and the targeted genes at the Ma locus 
Gene # Gene Name Forward and reverse primer sequence 
(5' to 3') 
Expected 
PCR product 
size (bp) 
10 MDP0000130613 AGAGGCGCAAGGACAAGCAC 184 
 TTCACCACTGGCCAGCATTC 
11 MDP0000244249 (Ma2) TCGGAAGACGGCCTAATGGA 200 
 TTGAAGCCGGGCAACAAACT 
12 MDP0000244250 CATGTGCGGCTTCAATTTGG 203 
 CGTTAATTTGGCGCCGAGAG 
13 MDP0000244251 CTTCGCGTGGAGCATGTGAT 207 
 AACCGCGCGAATCTCTTGAA 
14 MDP0000130619 TGAAGGAGCTGTTGCCGTTG 195 
CCCTTCCCATGAGCAGCAGT 
15 MDP0000244253 TCTCCCGGAACCAGTCTTGC 206 
 ACTTTGGCTGCACCGGGATA 
16 MDP0000252114 (Ma1) CGTCATGGTGTCTGGAACAT 499 
CTCCATGGCAAAAACCTGTC 
17 MDP0000141005 TCTTGGCCGTTGAGGGCTGT 203 
 CCGGAACCAGGTCCGTCCTC 
20 MDP0000131356 TACGTGCCCAAATGCCAAGA 194 
 GCAGCTGGGAGAGGGTGTTC 
21 MDP0000235369 GGTCGAGACGTTGGCTACGC 223 
 CCCCCATAAACTCGGCACAA 
22 MDP0000134560 GCCAAGGAAAATGCTTGGAGA 196 
 GGTTCCCAACTTCCCGGTGT 
25 MDP0000247199 TGCTTGACGTGTTGGTTTCCA 194 
GTGCAGGGCTTCTCCTCCAA 
EB136338a Actin (Ref.) GGCTGGATTTGCTGGTGATG 179 
TGCTCACTATGCCGTGCTCA 
a   a Gala actin gene/EST used as a reference in qRT-PCR 
qRT-PCR was conducted using Roche (Indianapolis, IN) LightCycler 480 Real-Time 
PCR System. For each qRT-PCR, a final volume of 20 μl was used, which 
17 
Figure 1.3 Alignment of the Ma1 allele coding sequences. MDP252114 stands for the 
Golden Delicious gene MDP0000252114, which is a consensus sequence of alleles 
Ma1-GD and ma1-GD. SNPs are highlighted in blue. SNP1455A leads to a stop codon 
TGA in allele ma1-G41 as well as in ma1-GD as indicated by base R1455, where R=G 
or A. Primer sites for qRT-PCR assay of Ma1 are highlighted in green 
18 
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Figure 1.4 Alignment of the Ma2 allele coding sequences. MDP244249 stands for the 
Golden Delicious gene MDP0000244249, which is a consensus sequence of alleles 
Ma2-GD and ma2-GD. SNPs are highlighted in blue. Primer sites for qRT-PCR assay 
of Ma2 are highlighted in green 
20 
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contained 5 μl of the cDNA dilutions, 0.5 μM of the forward and reverse primers, and 
1× SYBR Green Master Mix (Roche Cat. # 04707516001). The qRT-PCR program 
included an initial denaturation step of 10 min at 94 °C, 45 cycles of amplification 
using 10 s at 94 °C, 30 s at 58 °C, and 25 s at 72 °C, and a dissociation stage of 5 s at 
95 °C, 60 s at 60 °C, and 15 s at 97 °C. Expression quantification and data analysis 
were performed by LightCycler 480 Software (Version 1.5) using the comparative 
cycle threshold method (Pfaffl 2001). Regression analysis between the gene 
expression and fruit acidity variation was performed using MS Excel 2007. 
1.3.6 Phylogenetic analysis 
Phylogenetic analysis of the deduced protein sequences of the Ma candidate genes, 
Ma1 and Ma2, was conducted along with the members of the ALMT1 family in 
Arabidopsis, which sequences were downloaded from TAIR 10 
(http://www.arabidopsis.org/index.jsp), using MEGA4 (Tamura et al. 2007).  
1.4 Results 
1.4.1 Delimiting the Ma locus to a 65 kb genomic segment on chromosome 16 
Segregation of fruit pH in populations GMAL 4590 and GMAL 4595 had been 
studied previously, and the three parents Royal Gala, PI 613971 and PI 613988 had 
been determined of heterozygous genotype Mama (Xu et al. 2011). With additional 
fruiting individuals included, i.e. 36 in GMAL 4590 and 23 in GMAL 4595, the low 
pH (≤3.8) and high pH (≥3.9) segregation remained unchanged with the expected ratio 
22 
of 3:1 (Table 1.1). In population GMAL 4596, fruit pH segregated similarly with the 
ratio 3:1 (156:42, P=0.22), suggesting PI 613979, the pollen parent of GMAL 4596, is 
of a heterozygous genotype Mama as well. However, 82 low and 51 high pH 
genotypes were scored in population GMAL 4592, indicating a significant deviation 
from the 3:1 ratio (P=0.0004). Examining the markers linked to Ma (Figure 1.1) 
revealed that none of them segregated for the pollen parent PI 613978 while all 
segregated normally for Royal Gala. Moreover, the markers that segregate for Royal 
Gala alone predicted the segregation of pH (data not shown), suggesting that PI 
613978 has a genotype of mama. Given the known genotype Mama of Royal Gala, pH 
is expected to segregate 1:1 in population GMAL 4592. But the observed ratio of 
82:51 distorted significantly from 1:1 (P=0.007) (Table 1.1). 
Three new markers, including two SSRs 12514.266 and 12995.82-2, and one 
SNP CN889255SNP, were developed (Figure 1.1a-d, Table 1.4) between the existing  
two markers 532.669-2 and 20159.150-1 that defined the Ma region previously (Xu et 
al. 2011). For map integration, the three new markers were assessed with a total of 52 
informative recombinants between markers CH05c06 and CH02a03 or CH05a09, 
including 17 mapped in GMAL 4590, 7 in GMAL 4592, 19 in GMAL 4595, and 9 in 
GMAL 4596 (Figure 1.1a-d). Out of the 52 informative recombinants, 14 were the 
most informative in ordering the markers (Figure 1.2). SSR marker 12995.82-2 along 
with the existing marker 18695-28-2 cosegregated with Ma, and markers 
CN889255SNP and 12514.266 flanked Ma immediately to narrow the Ma locus down 
to a smaller genetic interval on chromosome 16 (Figures. 1.1a-d, 1.2). This genetic 
interval of Ma was supported with four most informative recombinants, including 
GMAL 4595-6-149 and GMAL 4590-1-131 between marker CN889255SNP and Ma, 
and GMAL 4592-4-33 and GMAL 4595-6-121 between Ma and marker 12514.266 
(Figure 1.2). In physical terms, the Ma interval corresponds to a genomic segment of 
23 
24 
 T
ab
le
 1
.4
 P
rim
er
 se
qu
en
ce
s a
nd
 o
th
er
 re
le
va
nt
 in
fo
rm
at
io
n 
of
 m
ar
ke
rs
 d
ev
el
op
ed
 in
 th
e 
M
a 
re
gi
on
 
M
ar
ke
r 
N
am
e 
M
ar
ke
r 
Ty
pe
 
Pr
im
er
-F
/R
 (f
ro
m
 5
' 
to
 3
') 
ID
s o
f s
ou
rc
e 
se
qu
en
ce
s 
Ta
rg
et
ed
 
SS
R
s o
r 
ba
se
s 
Ex
pe
ct
ed
 
si
ze
 (b
p)
 
A
lle
le
 
si
ze
 (b
p)
 
or
 b
as
e 
fo
r M
a 
a  
A
lle
le
 
si
ze
 (b
p)
 
or
 b
as
e 
fo
r m
a 
b  
D
et
ec
tio
n 
G
en
om
e m
ap
pe
d
C
N
88
92
5
5S
N
P 
SN
P 
G
G
A
G
G
G
TC
TC
C
A
TC
C
A
A
TT
TA
/ 
C
N
88
92
55
/ 
M
D
C
02
21
13
.
10
8 
ba
se
 3
30
c 
49
6(
cD
N
A
)/ 
79
2(
gD
N
A
) 
C
 
T 
Se
qu
en
ci
ng
 
P2
, P
4 
TC
C
C
C
A
C
A
C
A
TC
TC
A
TA
TT
C
C
 
12
99
5.
82
-
2 
SS
R
 
A
A
A
G
C
TT
C
TT
C
A
C
A
C
C
A
A
G
C
A
/ 
M
D
C
01
29
95
.
82
 
(T
C
) 9 
17
3 
16
4 
(P
1)
, 
16
2 
(P
4,
 
P5
) 
16
8 
(P
1-
P5
) 
PA
G
E 
P1
,P
4,
 
P5
 
TG
G
TG
A
TG
A
TG
G
TG
G
TA
G
TC
A
 
12
51
4.
26
6 
SS
R
 
A
G
G
TA
TT
G
C
C
TA
A
A
TG
TG
TG
TG
/ 
M
D
C
01
25
14
.
26
6 
(T
C
) 1
3 
19
2 
28
2 
(P
1)
 
29
0 
(P
1)
 
PA
G
E 
P1
 
TC
A
C
A
TC
A
TA
A
T
G
TT
TT
C
C
G
A
A
T 
C
A
PS
14
55
 
C
A
PS
 
G
C
C
G
C
TT
CT
G
G
A
C
TA
TC
A
C
TA
/ 
M
a1
 
TG
G
14
55
 
/T
G
A
14
55
 
20
13
 
20
13
 
(P
1,
 P
2,
 
P4
, P
5)
 
17
64
+2
4
9 
(P
1-
P5
) 
B
sp
H
I d
ig
es
tio
n 
+ 
ag
ar
os
e 
ge
l 
el
ec
tro
ph
or
es
is
  
P1
, P
2,
 
P4
, P
5 
TT
CT
TC
A
A
C
C
G
C
A
A
A
C
TC
C
T 
a 
  
A
lle
le
 li
nk
ed
 to
 M
a 
in
 c
ou
pl
in
g 
ph
as
e;
 b
   
A
lle
le
 li
nk
ed
 to
 m
a 
in
 c
ou
pl
in
g 
ph
as
; c
   
Th
e 
33
0t
h 
ba
se
 f
ro
m
 th
e 
fir
st
 b
as
e 
of
 th
e 
fw
d 
pr
im
er
. T
he
 
pr
ec
ed
in
g 
se
qu
en
ce
 i
s 
A
G
G
A
A
TG
G
A
TT
TT
G
G
CT
TC
TA
G
G
C
TT
G
C
A
G
C
TT
C
TG
A
TC
A
A
TT
G
G
G
TC
T(
T/
C
) 3
30
. 
G
en
ot
yp
e 
of
 R
oy
al
 G
al
a 
is
 
"T
33
0/T
33
0"
, a
nd
 th
at
 o
f b
ot
h 
PI
 6
13
97
1 
an
d 
PI
 6
13
98
8 
is
 "T
33
0/C
33
0"
. P
1 
R
oy
al
 G
al
a;
 P
2 
PI
 6
13
97
1;
 P
3 
PI
 6
13
97
8;
 P
4 
PI
 6
13
98
8 
an
d 
P5
 P
I 6
13
97
9;
 
PA
G
E 
po
ly
ac
ry
la
m
id
e 
ge
l e
le
ct
ro
ph
or
es
is
   
   
   
  
65 kb on chromosome 16 in Golden Delicious (Figure 1.1e), which was reduced from 
a 150 kb region defined previously (Xu et al. 2011). 
1.4.2 Haplotypes of the Ma locus 
The draft sequence of the Golden Delicious genome does not provide clear haplotype 
information although M. ×domestica is a highly heterozygous species. To understand 
the possible sequence variation and local genomic structure and organization that may 
discriminate allele Ma from ma, we identified two BAC clones BAC3 and BAC21 
from the BAC library of apple rootstock G.41 using three markers 18695.28-2, 
12995.82-2 and 12514.266 simultaneously. The two BAC clones were confirmed to 
contain not only the three makers used to screen the BAC library, but also the PCR 
amplicon source for marker CN889255SNP (Figure 1.5a), suggesting both BAC 
clones cover the Ma locus completely. Based on the band patterns associated with 
markers 18695.28-2, 12995.82-2 and 12514.266 (Figure 1.5b) and the restricted bands 
generated by BamHI and NotI digestions (Figure 1.5c), the two BACs are clearly of 
different haploid origin although the genotype of G.41 could be either Mama or 
MaMa. The estimated sizes for BAC3 and BAC21 were 150-160 kb and 110-120 kb, 
respectively (Figure 1.5c). 
Sequencing of the two BAC clones revealed that the Ma region extends over a 
larger segment of 71 kb in BAC21 and 82 kb in BAC3 in G.41 (Figure 1.1g-h). 
Sequence alignment using BLAST demonstrated that BAC21 had higher overall 
sequence identity with the Golden Delicious contigs than BAC3 (data not shown), 
suggesting that BAC21 represents a haplotype likely closer to the two haplotypes in 
Golden Delicious than BAC3. 
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Figure 1.5 Identification and characterization of two BAC clones that completely 
cover the Ma locus and are of different haploid origin. a Agarose gel analysis of BAC 
clones BAC3 and BAC21 with markers CN889255SNP and 12514.266 (SSR) that 
delimit the Ma locus and markers (12995.82-2 and 18695.28-2) that co-segregate with 
Ma (Figure 1.1). G.41 genomic DNA was used as control; b Polyacrylamide gel 
analysis of BAC clones BAC3 and BAC21 with SSR markers 12995.82-2, 18695.28-2 
and 12514.266 along with G.41 gDNA. Note that allele sizes for each marker vary but 
correspond to one of the bands amplified from G.41, c Pulse field gel electrophoresis 
of BAC3 and BAC21 digested with BamHI and NotI (1.0% agarose gel, run for 15 hrs 
at 6v/cm with switch time of 1-15 s) 
26 
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1.4.3 Identification of Ma1 and Ma2 
The 65 kb genomic region of Ma contains 19 predicted genes in Golden Delicious 
(#10-28 in the 44 genes listed in Xu et al. (2011), Figure 1.1f, i; Table 1.5). Aligning 
the 19 predicted genes with the two BACs indicated that three genes 
(MDP0000375685 (#19), MDP0000258718 (#23) and MDP0000357895 (#26)) were 
not found in the two BAC sequences, and two (MDP0000250967 (#24) and 
MDP0000157412 (#27) reside outside of the Ma region defined by the two markers 
CN889255SNP and 12514.266 in G.41. Moreover, MDP0000134560 (#22) and 
MDP0000139500 (#28) are duplicated gene IDs for a single gene, and 
MDP0000241811 (#17) and MDP0000141005 (#18) are alternatively spliced variants 
from another single gene. Therefore, the two BAC clones harbor 12 predicted genes at 
the Ma locus (Figure 1.1g-i; Tables 1.3, 1.5), which include MDP0000252114 (#16), 
designated Ma1, and MDP0000244249 (#11), designated Ma2. Proteins Ma1 and Ma2 
are putative members of the ALMT1 family and respectively share 57% (338/595) and 
55% (302/553) of identity in amino acid sequence with AtALMT9, an Arabidopsis 
protein known to be a vacuolar malate channel involved in maintaining the cytosolic 
malate homeostasis (Kovermann et al. 2007). A search of Malus EST databases in 
GenBank found that there are 20 EST accessions of the origin of Ma1 (Table 1.6) and 
one EST (CN929391) matching with Ma2, suggesting both Ma1 and Ma2 are 
expressed genes, and therefore strong candidate genes of Ma. 
There are two inversions in gene orders between Golden Delicious and G.41 
(Figure 1.1f,g): one between genes MDP0000130613 (#10) and MDP0000244253 
(#15), and the other between genes MDP0000134560 (#22) and MDP0000247199. 
Genes Ma1 and Ma2 are physically separated by one gene MDP0000130613 (#10) in 
both haplotypes of G.41 (Figure 1.1g,h), but by four genes MDP0000244250 (#12), 
28 
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) 
MDP0000244251 (#13), MDP0000130619 (#14) and MDP0000244253 (#15) in 
Golden Delicious (Figure 1.1f).  
1.44 qRT-PCR analysis of genes predicted at the Ma locus 
To investigate the expression patterns in mature fruit, genes Ma1 and Ma2 as well as 
the other ten genes in the Ma region were screened alongside four low acid (Britegold, 
KAZ 96 08-17, Novosibirski Sweet and Sweet Delicious) and four high acid (Cox's 
Orange Pippin, Golden Delicious, Marshall McIntosh and Winter Majetin) apple 
germplasm accessions (Table 1.2) using qRT-PCR. Gene Ma1 was expressed at much 
higher levels in high acid fruit than in low acid fruit while Ma2 was expressed 
consistently at low levels across both low and high acid fruit (data not shown). The 
correlation between gene expression and TA among the eight apple accessions was 
highly significant for Ma1 (R²=0.9430, P=0.0001) but non-significant for Ma2 
(R²=0.0559, P=0.5729). Among the other ten genes, MDP0000141005, which encodes 
a putative serine/threonine protein phosphatase 2A (PP2A) regulatory subunit A, was 
expressed at high levels and showed a significant correlation with fruit acidity 
(R²=0.7428, P=0.0059). The remaining nine genes were expressed at low levels and 
did not show correlations with fruit acidity (data not shown), and therefore we did not 
analyze them further. 
A more comprehensive qRT-PCR analysis of Ma1, Ma2 and MDP0000141005 
indicated that the relative expression levels of Ma1 remained high and were 
significantly correlated with TA (R2=0.4543, P=0.0021) and pH (R2=0.4630, 
P=0.0019) in fruit of 18 apple germplasm accessions (Figure 1.6a, b). In contrast, the 
expression of Ma2 was low and showed no correlation with TA (R2=0.0086, 
P=0.7148) and pH (R2=0.0356, P=0.4531) (Figure 1.6c, d). These data suggest that 
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Ma1 may be the major factor in determining fruit acidity and the role of Ma2 would be 
limited if any. The correlation of MDP0000141005 expression with acidity was 
reduced to a non-significant level (R2=0.1497, P=0.1126 for TA; R2= 0.0916, 
P=0.2222 for pH), allowing MDP0000141005 to be excluded from subsequent 
analyses. 
1.45 Allelic variations of Ma1 and Ma2 
The Ma1 allele in BAC3, designated Ma1-G41, differed by eight bases from that in 
BAC21, designated ma1-G41 (Figure 1.3, Table 1.7). Examining the coding sequence 
of MDP0000252114 showed that nucleotides at seven positions are ambiguous, i.e. 
M=A/C (bases 118 and 162); K=G/T (bases 834 and 1304); W=A/T (base 1011) and 
R=A/G (bases 1286 and 1455), presumably caused by the two different haplotypes in 
Golden Delicious (Figure 1.3, Table 1.7). To distinguish the two alleles of Ma1 in 
Golden Delicious, we compared the sequence of MDP0000252114 with both Ma1-
G41 and ma1-G41. Excluding the seven ambiguous positions, MDP0000252114 
differed by one base from ma1-G41, but by six bases from Ma1-G41, suggesting 
MDP0000252114 is much closer to ma1-G41 than to Ma1-G41. When the seven 
ambiguous positions were considered, one of the two possible bases at each of the 
seven positions matches with the base at their corresponding positions in ma1-G41. 
This set of seven bases was therefore inferred to be co-present in one allele of Golden 
Delicious, designated ma1-GD. The other set of seven bases were concluded to be co-
present in the other allele of Golden Delicious, designated Ma1-GD (Figure 1.3, Table 
1.7). 
In the deduced amino acid sequences, Ma1-G41 and Ma1-GD diverge by 
seven residues while there is no difference between ma1-G41 and ma1-GD   
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(Figure 1.7, Table 1.7). However, both ma1-G41 and ma1-GD are truncated by 84 
amino acids at the carboxyl terminus compared with either Ma1-G41 or Ma1-GD 
(Figure 1.7). This truncation is due to a nucleotide mutation from G to A at the 1455th 
base (SNP1455) in the open reading frame, leading to a pronounced change from a 
tryptophan (W) codon TGG1455 to a stop codon TGA1455 (Figures 1.7,1.3; Table 1.7). 
The allelic variations of gene Ma2 were investigated similarly (Figures 1.4, 
1.8, Table 1.8). Briefly, the Ma2 allele in BAC3 and that in BAC21 were designated 
Ma2-G41 and ma2-G41, respectively, whereas Ma2-GD and ma2-GD were assigned 
as two alleles for Golden Delicious based on the MDP0000244249 sequence of four 
ambiguous positions, i.e. R=A/G (base 26), W=A/T (bases 165 and 951) and M=A/C 
(base 1245). There are 24 different bases (17 aa) between Ma2-G41 and ma2-G41, 4 
bases (2 aa) between Ma2-G41 and Ma2-GD, and 22 bases (17 aa) between Ma2-G41 
and ma2-GD. The coding sequences in alleles ma2-G41 and ma2-GD are identical 
(Figures 1.4, 1.8; Table 1.8). 
1.46 Allelic association of the Ma1 and Ma2 alleles with Ma and ma 
To uncover which Ma1 and Ma2 allele is associated with Ma or ma, a CAPS marker, 
named CAPS1455, was developed to target SNP1455 using endonuclease BspHI, which 
cleaves site TCATGA1455 in the truncated alleles ma1-G41 or ma1-GD, but not 
TCATGG1455 in the intact alleles Ma1-G41 or Ma1-GD (Table 1.4). Agarose gel assay 
of maker CAPS1455 in population GMAL 4595 and the informative recombinants 
indicated that homozygous genotype CAPS1455GCAPS1455G cosegregated with MaMa, 
CAPS1455GCAPS1455A with Mama, and CAPS1455ACAPS1455A with mama (Figures 1.1, 
1.2, 1.9a), suggesting the intact allele of Ma1 (Ma1-1455G), such as Ma1-G41 or 
Ma1-GD, is associated with the high acid allele Ma while the truncated allele of Ma1 
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Figure 1.7 Alignment of the Ma1 deduced protein sequences. MDP252114 stands for 
the Golden Delicious protein MDP0000252114, which combines proteins Ma1-GD 
and ma1-GD. Each sign “-” in MDP252114 is for two possible amino acid residues, 
and annotated accordingly as shown. Amino acid residues that vary are highlighted in 
blue. The stop codon TGA1455 caused by SNP1455A leads to a truncation of 84 amino 
acids at the carboxyl terminus in proteins ma1-G41 and ma1-GD compared with 
proteins Ma1-G41 and Ma1-GD 
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Figure 1.8 Alignment of the Ma2 deduced protein sequences. MDP244249 stands for 
the Golden Delicious protein MDP0000244249, which combines proteins Ma2-GD 
and ma2-GD. Each sign “-” in MDP244249 is for two possible amino acid residues, 
and annotated accordingly as shown. Amino acid residues that vary are highlighted in 
blue 
39 
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Figure 1.9 Agarose gel analysis of marker CAPS1455. Bands of 2013 bp correspond to 
allele CAPS1455G, i.e. the Ma1-1455G allele for high acidity. The combined bands of 
1764 bp and 249 bp are expected for allele CAPS1455A, i.e. the ma1-1455A allele for 
low acidity. A/A= genotype CAPS1455A CAPS1455A, A/G= genotype CAPS1455A 
CAPS1455G, and G/G= genotype CAPS1455G CAPS1455G. The numbers indicate fruit pH. 
a Lane 1: 1 kb Plus DNA Ladder (Invitrogen, CA). Lanes 2-12: 11 progeny of GMAL 
4595. b Lane 13: 1 kb Plus DNA Ladder. Lanes 14-22: Nine apple germplasm 
accessions as shown 
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(ma1-1455A), such as ma1-G41 or ma1-GD, with the low acid allele ma. 
Consequently, alleles Ma2-G41 and Ma2-G41 are associated with Ma while ma2-G41 
and ma2-GD with ma. 
Together with the analyses in the haplotypes at the Ma locus and allelic 
variations in the two genes Ma1 and Ma2 in G.41 and Golden Delicious, the allelic 
associations identified here conclude that BAC3 stands for a haplotype of Ma for high 
acidity while BAC21 represents a haplotype of ma for low acidity, and that the allele 
diversity is higher for the high acidity alleles, but none or low for the low acidity 
alleles. 
1.47 Association of the mutation-led truncation in Ma1 with low fruit acidity in apple 
germplasm 
To see how SNP1455 may explain the acidity levels in the other apple germplasm, a set 
of 29 (Table 1.2) representative apple germplasm accessions were analyzed with 
marker CAPS1455 (Figures 1.9b, 1.10). Genotype CAPS1455ACAPS1455A is associated 
either exclusively with high pH (7/7, Figure 1.10a) or tightly with low TA (7/9, Figure 
1.10b). Genotypes CAPS1455GCAPS1455G and CAPS1455GCAPS1455A, however, are 
associated either completely with low pH (22/22, Figure 1.10a) or highly with high 
TA (20/22, Figure 1.10b). These data indicate a complete or highly tight association 
between the mutation-led truncation in Ma1 (ma1-1455A) with low acidity in these 
apple accessions. 
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1.5 Discussion 
1.5.1 Delimiting the Ma locus to a 65 kb genomic segment and identification of two 
ALMT-like genes Ma1 and Ma2 
By developing three new markers and analyzing two additional populations, we 
delimited the Ma locus between markers CN889255SNP and 12514.266. The genetic 
interval was supported by four recombinants with GMAL 4595-6-149 and GMAL 
4590-1-131 between marker CN889255SNP and Ma, and GMAL 4592-4-33 and 
GMAL 4595-6-121 between Ma and marker 12514.266 (Figures 1.1a, 1.2) among the 
52 informative recombinants identified. The Ma locus between markers 
CN889255SNP and 12514.266 corresponds to a homologous genomic segment of 65 
kb in Golden Delicious, enabling us to reduce the number of candidate genes of Ma 
from 44 identified previously (Xu et al 2011) to 19 in the present study. 
Since the draft sequence of the apple genome does not provide clear haplotype 
specific information (Velasco et al. 2010), we identified two BAC clones of different 
haploid origin from apple rootstock G.41, BAC3 and BAC21, which completely cover 
the Ma locus. Sequencing the two BAC clones revealed that the Ma locus spanned 71 
kb in BAC3 and 82 kb in BAC21. A more detailed analysis showed that out of the 19 
predicted genes in Golden Delicious, three were not present in the two BACs and two 
were beyond the Ma interval. In the remaining 14 predicted genes, two were 
duplicated, leading to 12 predicted genes for Ma in both BACs, including Ma1 and 
Ma2 (Figure 1.1g-I; Table 1.5). Although the draft sequence of the apple genome is of 
high quality (Velasco et al. 2010), the local general structure of the Ma locus revealed 
by the two sequenced BACs from G.41 may be more representative. Given the limited 
number of genes in the Ma locus and the putative functions of ALMT genes in 
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maintaining the malate homeostasis in plant cells, e.g. AtALMT9 (Kovermann et al. 
2007) and AtALMT6 (Meyer et al. 2011), Ma1 and Ma2 are considered to be strong 
candidate genes of Ma. 
1.5.2 Putative function of Ma1 and Ma2 as vacuolar malate channels/transporters in 
apple fruit 
The first member of the ALMT1 family unique to plants is TaALMT1 that confers 
wheat tolerance to soil aluminum toxicity (Sasaki et al. 2004). TaALMT1 protein 
facilitates malate efflux from root apices and is localized on the plasma membrane 
(Yamaguchi et al. 2005). The counterpart of TaALMT1 that shows similar aluminum 
tolerance function includes AtALMT1 in Arabidopsis (Hoekenga et al. 2006), 
ScALMT1-M39.1 and ScALMT1-1135.1 (a hybrid gene) in rye (Collins et al. 2008), 
and BnALMT1 and BnALMT2 in rape (Ligaba et al. 2006). The Arabidopsis genome 
encodes 14 ALMT1 genes, which are distributed in four of the five clades in the 
ALMT1 family (Barbier-Brygoo et al. 2011). Phylogenetic analysis of the deduced 
protein sequences of Ma1 and Ma2 together with the 14 Arabidopsis ALMT1 proteins 
showed that the two apple proteins belong to clade 2 that includes five members 
AtALMT3-6,9 (Figure 1.11).  
AtALMT9 is a vacuolar membrane protein functioning as a vacuolar malate 
channel for maintaining cell malate homeostasis (Kovermann et al. 2007), differing 
from AtALMT1 (Yamaguchi et al. 2005) and AtALMT12 (Meyer et al. 2010), which 
are plasma membrane proteins. AtALMT9 is expressed in all organs, but its 
expression in leaves is specifically in mesophyll cells. AtALMT6, another member in 
clade 2 that has been characterized recently, is expressed in guard cells of leaves as 
well as in flower organs and stems, but not in roots (Meyer et al. 2011). 
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Figure 1.11 Phylogenetic analysis of Ma1 and Ma2 proteins. The 14 members 
AtALMT1-14 of the AtALMT1 family were retrieved from TAIR 10 
(http://www.arabidopsis.org/). The protein sequences were aligned with ClustalW and 
the trees were constructed with the MEGA4 program (Tamura et al. 2007) using the 
neighbor joining method. To test the phylogeny, bootstrap samples of 1000 was set 
during the analysis. The tree is drawn to scale and the evolutionary distances are in the 
units of the number of amino acid substitutions per site. Naming system of the clades 
as described previously (Barbier-Brygoo et al. 2011) is adapted here 
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The AtALMT6 protein is also targeted to the vacuolar membrane, and it functions as a 
malate influx or efflux channel that is highly regulated by vacuolar pH and cytosolic 
malate (Meyer et al. 2011). It has been shown that low malate content in low acid fruit 
is the result of a restricted ability to accumulate malate in apple parenchyma cells 
(Beruter 2004). As members of clade 2, Ma1 and Ma2, especially Ma1, are likely 
vacuolar malate channels/transporters with primary function in maintaining malate 
homeostasis by regulating the malate levels in vacuole and cytosol in the parenchyma 
cells of apple fruit, thereby controlling fruit acidity levels. 
1.5.3 Haplotypes of Ma and allelic association of the Ma1 and Ma2 alleles with Ma 
and ma 
Sequencing of the two BAC clones from apple rootstock G.41 provided the first view 
of the Ma locus at the DNA sequence level with distinction between haplotypes Ma 
and ma. The difference between the Ma (BAC3) and ma (BAC21) haplotypes is 
significant in both size (82 vs. 71 kb) and the coding sequences of predicted genes 
(Figure 1.1g-h). In the Ma1 and Ma2 sequences, the alleles (Ma1-G41 and ma1-G41, 
and Ma2-G41 and ma2-G41) are clearly distinguishable. This made it possible to infer 
their allelic counterparts (Ma1-GD and ma1-GD, and Ma2-GD and ma2-GD) in genes 
MDP0000252114 and MDP0000244249 of Golden Delicious, respectively. 
Comparison of the allelic sequences of Ma1 and Ma2 revealed that there are no 
variations in the deduced amino acid sequences in alleles (ma1-G41 and ma1-GD, and 
ma2-G41 and ma2-GD) associated with ma for low acidity, whereas the variations are 
considerable for alleles (Ma1-G41 and Ma1-GD, and Ma2-G41 and Ma2-GD) 
associated with Ma for high acidity. A similar trend exists in the entire Ma region 
when the sequences at the Ma locus between Golden Delicious and G.41 were 
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compared as BAC21 is much closer to Golden Delicious than BAC3. One possible 
explanation is that the natural or human selection of fruit acidity has mostly acted 
upon the high acid allele Ma rather than the low acidity allele ma due to its recessive 
nature, leading to a greater diversity in high acidity allele Ma. Whether or not the high 
diversity among the Ma alleles plays a role in large fruit acidity variations in different 
apple cultivars would be of great interest for future investigation. 
One of the most important findings of this work is the discovery of the 
mutation at the 1455th base of Ma1, which turns the tryptophan (W) codon TGG1455 in 
Ma1-G41 into a stop codon TGA1455 in ma1-G41, leading to a premature termination 
and truncation of ma1-G41 by 84 deduced amino acids at the C terminus. The 
presence of the mutation in Golden Delicious is confirmed with the ambiguous base 
R1455, which stands for G1455/A1455 in Ma1 (Figure 1.3). In view of the dramatic 
implication of this mutation and the critical role of the C-terminus in regulating the 
function and activity of TaALMT1 in wheat (Furuichi et al. 2010; Ligaba et al. 2009), 
marker CAPS1455 was developed to target SNP1455. Analysis using marker CAPS1455 
showed that it segregates in a codominant fashion and accurately predicts genotypes 
MaMa, Mama and mama in population GMAL 4595 and the informative 
recombinants (Figures 1.1, 1.2, 1.9a). Moreover, the marker shows a perfect 
association with pH and a highly tight association with TA in 29 apple accessions 
studied (Figures 1.9b, 1.10). Overall, these data strongly suggested that SNP1455 is 
critical in determining the function of the Ma1 alleles.  
It should be pointed out that the plant materials used in this study are restricted 
in M. sieversii, M. domestica and some of its hybrids. Since there are at least 23 
species in Malus (Robinson et al. 2001), understanding the role of the Ma locus and 
SNP1455 in the remaining species would be an interesting extension of this work. 
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1.5.4 Expression of Ma1 and Ma2 
Compared with Ma2 in expression in mature fruit, Ma1 expression is much higher 
(Figure 1.6). This trend appeared to be consistent with the number of ESTs identified 
for the two genes in the Malus EST database of 336,017 accessions in GenBank. 
There are 20 EST accessions for Ma1 (Table 1.6) and one for Ma2, i.e. CN929391 
derived from pre-opened floral bud of Royal Gala. The tissue source for the 20 Ma1 
ESTs includes fruit (9 accessions), flower (3), leaf (3), root (3), stem xylem (1) and 
bud (1) from nine apple varieties, such as Royal Gala (6), GoldRush (5), Granny 
Smith (2), M.9 (1, rootstock) and others. Therefore, in addition to higher expression 
levels, Ma1 is also evidenced to be expressed in a wider range of organs than Ma2, 
suggesting a broader role of Ma1 in apple. 
Significant correlations between gene expression and fruit acidity were 
observed for gene Ma1 but not for Ma2 (Figure 1.6). This suggests that Ma1 is the 
major factor in determining fruit acidity levels. Since alleles Ma1-1455G and ma1-
1455A are associated with Ma and ma, respectively, the strong positive correlation 
between Ma1 expression and fruit acidity would suggest that transcripts of Ma1-
1455G be more readily detected than those of ma1-1455A. Examining the presence of 
SNP1455 in the 20 ESTs of Ma1 supported this reasoning. SNP1455G appeared in all 
seven ESTs (CO723101, CX024250, CN494439, GO547092, GO509271, GO562003 
and HM641023) that span over base 1455 in Ma1 while SNP1455A was not detected 
(Table 1.6). It appears, therefore, that both SNP1455 and expression levels of Ma1 are 
important in apple fruit acidity. To elucidate the role of Ma2, more dedicated studies 
are needed. 
Gene MDP0000141005 encodes a putative serine/threonine protein 
phosphatase 2A (PP2A) regulatory subunit A and its expression was initially found to 
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be correlated with fruit acidity. MDP0000141005 was excluded in allelic variation 
analysis since the correlation became non-significant when 18 apple accessions were 
analyzed. We examined the coding sequences of MDP0000141005 in BAC3 and 
BAC21 of G.41, which did not confer variations in the amino acid sequences. 
Although PP2A is involved in many plant processes (Ahn et al. 2011; Leivar et al. 
2011; Skottke et al. 2011), its subunit genes, including regulatory subunit A, have 
been used as reference genes for qRT-PCR analysis in plants (Czechowski et al. 2005; 
Navascues et al. 2012; Obrero et al. 2011). The constitutive expression of the PP2A 
regulatory subunit A gene and the inconsistent correlation between the 
MDP0000141005 expression and fruit acidity make it unlikely the gene responsible 
for fruit acidity variation.  
In conclusion, we discovered two ALMT-like genes, Ma1 and Ma2, at the Ma 
locus of 65-82 kb containing 12-19 predicted genes that controls fruit acidity levels in 
apple. Expressions of Ma1 and Ma2 contrast sharply in the 18 apple germplasm 
accessions studied. Ma1 was expressed at much higher levels than Ma2 in mature fruit, 
especially in those of high acidity. Moreover, the Ma1 expression is significantly 
correlated with fruit acidity, whereas the Ma2 expression remains at low levels 
regardless of fruit acidity variations. These data suggest that Ma1 is the major 
determinant at the Ma locus controlling fruit acidity. Sequencing of clones BAC3 and 
BAC21 that cover the two distinct haplotypes at the Ma locus allowed us to determine 
specific alleles of both Ma1 and Ma2 for high or low acid phenotype. A single 
nucleotide mutation at base 1455 in the open reading frame of Ma1 led to a premature 
stop codon TGA1455, which truncates the carboxyl terminus of Ma1 by 84 amino acids. 
A survey of 29 apple germplasm accessions using marker CAPS1455 targeting SNP1455 
found that the CAPS1455A allele is associated completely with high pH and tightly with 
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low TA, suggesting that the natural mutation-led truncation is most likely responsible 
for the abolished function of Ma for low pH or high TA in apple.  
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CHAPTER 2 
TOWARDS AN IMPROVED APPLE REFERENCE TRANSCRIPTOME 
USING RNA-SEQ
1
2.1 Abstract 
The reference genome of apple (Malus × domestica) has been available since 2010. 
Despite being a milestone in apple genomics, the reference genome is difficult to be 
used as a reference in RNA-seq (RNA sequencing) analysis, a widespread technology 
in transcriptomics studies. One of the major limitations appears to be the low coverage 
of the reference transcriptome in RNA-seq mapping of reads. To improve the 
reference transcriptome, we obtained 14 sets of strand specific RNA-seq data of 168.5 
million reads in total from fruit of Golden Delicious (GD, the source of the reference 
genome) in varying growth and developmental stages. Using a combination of 
genome-guided assembly and de novo assembly, the apple reference transcriptome 
was improved to a collection of 71,178 genes or transcripts, which includes 53,654 
genes predicted originally (with MDP prefixed in their IDs) and 17,524 novel 
transcripts. Of these novel transcripts, 8,144 were identified from reads directly 
mapped to the reference genome while the remaining 9,380 were extracted from de 
novo assemblies of reads that could not be initially mapped to the reference genome. 
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Evaluating the improved apple reference transcriptome with reads from Golden 
Delicious and other genotypes used in this and other studies showed that it allowed 
62.5±9.3%-82.3±2.7% of reads to be mapped, a marked increase from the low rates of 
37.4±7.7%-46.6±7.1% offered by the original reference transcriptome. The improved 
reference transcriptome therefore represents a step forward towards a complete 
reference transcriptome in apple. 
2.2 Introduction 
The development of RNA sequencing (RNA-seq) technology (Mortazavi et al. 2008; 
Wilhelm and Landry 2009) has been a breakthrough in the characterization of 
complex eukaryotic transcriptomes. Compared with micro-array based global gene 
expression assays, which primarily employ molecular hybridization between a sample 
of unknown transcripts and an arrayed transcriptome, RNA-seq directly sequences the 
mRNA derived cDNA using a next generation sequencing (NGS) platform, such as 
Illumina HiSeq 2000/2500. The massive throughput of NGS machines allows RNA-
seq to provide unprecedented resolution and depth of data, enabling simultaneous 
quantification of gene expression, discovery of novel transcripts and exons, detection 
of SNP and measurement of splicing variants (Chepelev et al. 2009; Wilhelm et al. 
2010). Due to these advantages, RNA-seq has quickly become the choice in diverse 
transcriptomics studies attempting to investigate complex biological process in human, 
animal and plants as well as in microbes. 
Early RNA-seq based transcriptomics studies in plants included Arabidopsis 
(Lister et al. 2008), grape (Zenoni et al. 2010), maize (Li et al. 2010) and rice (Zhang 
et al. 2010). It has now been used in plant species not only with a reference genome, 
but also without a reference genome (Ong et al. 2012; Ruttink et al. 2013). An 
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essential step in RNA-seq data analysis is to map the short reads back to the reference 
genome or reference transcriptome so that the reads associated with a specific gene 
could be counted and then used to compare with other genes for differentiating their 
expression levels. When a reference genome is not available, an alternative reference 
transcriptome can be assembled by de novo assembly of RNA-seq reads directly (Ong 
et al. 2012; Ruttink et al. 2013). This alternative approach allows a much broader 
range of RNA-seq applications. However, chromosomal locality information and local 
and global genomic contexts would not be available in this alternative approach, and 
alternative splicing is also less readily detectable due to the nature of matured mRNA, 
which is the source of RNA-seq reads in most cases. In addition to the utility in 
identifying genes of splicing variants, nucleotide polymorphisms, and expression 
levels that are co-elevated or -suppressed in certain pathways, RNA-seq has also 
become a tool of discovery for revealing novel dimensions hidden in plant 
transcriptomes, such as RNA editing in chloroplast and mitochondria (Sun et al. 2013; 
Suzuki et al. 2013) and long non-coding RNAs that function as endogenous 
microRNA (miRNA) target mimics preventing miRNAs from reaching their target 
genes (Wu et al. 2013). 
Apple (Malus × domestica, 2n=2x=34 usually) is one of the most important 
fruit crops in the world. Its genome sequences of 742.3 Mb (Velasco et al. 2010) are 
available from the Genome Databases for Rosaceae (GDR, http://www.rosaceae.org) 
and other sites. There are 63,541 predicted genes (or MDPs due to prefix MDP in gene 
IDs, e.g. MDP0000252114) in the consensus gene set in the genome. The source of 
the reference genome is Golden Delicious (GD), an apple variety grown widely 
throughout the major production areas in the US and abroad. RNA-seq based 
transcriptomics studies have also been reported in apple ( Krost et al. 2012 and 2013; 
Zhang et al. 2012; Gapper et al. 2013; Gusberti et al . 2013). However, using the 
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predicted genes as a reference transcriptome has led to inconsistent RNA-seq reads 
mapping rates from 35.8±3.7% (unique reads,  Gusberti et al . 2013) to 65% (Gapper 
et al. 2013), leaving more than one third of reads uncounted even if the non-specific 
reads were counted in Gusberti et al. (2013). In other RNA-seq based studies, the 
reference transcriptome was not used (Krost et al. 2012 and 2013; Zhang et al. 2012). 
Although the gene prediction in the apple genome might not be perfect, the 63,541 
predicted genes that represent the current version of apple reference transcriptome are 
invaluable resource and have been used in many studies since the genome sequences 
became available in 2010. Clearly, there is a need for improving the reference 
transcriptome by building on it in the apple research community. To address this need, 
we obtained 14 sets of strand specific RNA-seq data from GD fruit in varying growth 
and developmental stages that were used in one of our previous studies (Wang and Xu 
2012). Using a combination of genome-guided assembly and de novo assembly, the 
apple reference transcriptome was improved to a collection of 71,178 genes or 
transcripts, including 53,654 MDPs and 17,524 novel transcripts. Testing of RNA-seq 
mapping with reads from this and other studies indicated that the improved apple 
reference transcriptome increased the reads mapping rates to 62.5±9.3%-82.3±2.7% 
using high stringent mapping parameters, a considerable lift from the rates of 
37.4±7.7%-46.6±7.1% offered by the original reference transcriptome. 
2.3 Materials and Methods 
2.3.1 Plant materials and RNA isolation 
Fruit of Golden Delicious (GD) were sampled from 14 time points from 1 week after 
full-bloom (WAF) through 20 WAF (at harvest) in 2010 as described previously 
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(Wang and Xu 2012). The fruit samples were flash frozen in liquid nitrogen and stored 
at -80⁰C before being used. For each sample, total RNA was isolated from 2g (young 
fruit)-3g (mature or near mature fruit) of ground tissues pooled from at least five fruits 
according to Gasic et al. (2004) with modifications: Before tissue tearer 
homogenization, 1ml Sarkosyl of 20% (w/v) was added to 10 ml of the extraction 
buffer. The extracted total RNA was dissolved in EB buffer (Qiagen, Germantown, 
MD) supplemented by 1× Ambion RNAsecure (Invitrogen/Life Technologies, 
Carlsbad, CA). To activate RNAsecure, the samples were incubated at 60⁰C (in a 
water bath) for 10 min and then immediately put on ice. RNA quantity and quality 
were evaluated by Nanodrop 1000 (Thermo Scientific, Waltham, MA) and 
Bioanalyzer 2100 with RNA 6000 Nano Chip (Agilent, Santa Clara, CA) as well as a 
2% agarose gel (using 1/10 RNA dilutions in EB buffer with 1× Ambion RNA secure). 
Immediately prior to mRNA isolation, the RNA samples were treated with DNase I 
(amplification grade, Invitrogen) at 37°C for 30 min followed by heat inactivation at 
65°C for 15 min. 
2.3.2 Strand specific RNA-seq library construction and sequencing 
For each sample, 5μg total RNA  was used to isolate mRNA to prepare a stand 
specific RNA-seq library using NEBNext Poly(A) mRNA Magnetic Isolation Module 
and NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England 
Biolabs, Ipswich, MA) following the manufacturer’s protocols with minor 
modifications. Briefly, mRNA was extracted with 15 µl of NEBNext Magnetic Oligo 
d(T)25 and fragmented in NEBNext First Strand Synthesis Buffer by heating at 94°C 
for 10 min. First strand cDNA was reverse transcribed form the fragmented mRNA 
and then used as template to synthesize double stranded cDNA with dUTP replacing 
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dTTP. The resulting double stand cDNA was end-repaired, dA-tailed and then ligated 
with NEBNext Adaptor. To remove unwanted large fragments, the adaptor-ligated 
cDNA was selected for size using Agencourt AMPure XP beads (Bechman Coulter, 
Pasadena, CA) in 0.6 volumes of the ligation reaction. For optimizing the size 
selection, another round of size selection was performed as described in Zhong et al. 
(2011), where the beads in 1.4 volumes of the cDNA solution were used. Next, the 
selected cDNA was digested with NEBNext USER enzyme and then enriched by PCR 
in the following conditions: 98°C for 30s; 14 cycles of 98°C for 10s, 65°C for 30s, 
72°C for 30s; 72°C for 5 min; and then hold at 4°C. The PCR enriched cDNA libraries 
were purified by 1.4 volumes of Agencourt AMPure XP beads and eluted in 20µl low 
TE buffer (10mM Tris-HCl, pH 8.0, and 0.1mM EDTA). To estimate whether or not 
the libraries were within the expected size range from 250 bp to 400 bp, 2µl of the 
purified PCR products were analyzed by 2% agarose gel electrophoresis and then 
visualized with ethidium bromide-staining. If the primer-dimer band (~80bp) appeared, 
the libraries were purified again with 1.4 volumes of the beads. The purified libraries 
were then quantified by Qubit 2.0 Fluorometer using the dsDNA HS Assay Kit 
(Invitrogen/Life Technologies, Carlsbad, CA). The 14 multiplexed libraries with 60 ng 
each were pooled together for single-end sequencing of 101 bases without replication 
in one lane of Illumina HiSeq 2000 (Illumina, San Diego, CA) at the Cornell 
University Biotechnology Resource Center (Ithaca, NY).  
2.3.3 Reads processing and data analysis 
The 14 sequence files of 180.8 million raw reads in total were generated by the 
Illumina pipeline in software CASAVA v1.8 in Sanger FASTQ format (available 
under NCBI SRA experiment number SRX392051). Only were the high quality reads 
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(168.5 million) that passed the chastity filter (i.e. no more than one base call in the 
first 25 cycles has a chastity higher than 0.6) in the pipeline used, which accounted for 
93.2±1.3% of the total raw reads of 180.8 million (Table 2.1). Data analyses were 
performed using CLC Genomics Workbench (CLC GW) v6.5 (CLCBio, Cambridge, 
Massachusetts). Three files of the apple reference genome (Velasco et al. 2010) M. 
domestica v1.0 (Md-v1.0 hereafter) were downloaded from the Genome Databases for 
Rosaseae (GDR, http://www.rosaceae.org). The first is the genome sequence file 
consisting of 122,107 contigs (MDCs hereafter); the second is the coding sequence 
(CDS) file for the consensus gene set containing 63,541 predicted genes (MDPs 
hereafter); and the third is the genome annotation file for the 63,541 genes in GFF 
format. The genome sequence file of 122,107 MDCs and the GFF file were combined 
by CLC GW to reconstruct the annotated apple reference genome (Md-v1.0) locally. 
To enable local BLAST search of the genome sequences, the sequences of 122,107 
MDCs were converted into a BLAST database using CLC GW. 
For RNA-seq mapping against reference genome Md-v1.0, we used only the 
gene regions defined by the MDPs (i.e. without including any bases up-or down-
stream of MDPs). For convenience, the set of 63,541 MDPs were collectively called 
Md-v1.0-RT (apple reference transcriptome v1.0) in this study. The limit for read 
unspecific match to Md-v1.0-RT was set to 10. To map a read, the minimum length 
fraction is 0.8 and the minimum similarity is 0.98 (our empirical sequence identity 
threshold often effective in differentiating paralog sequences in the apple genome). 
These two high stringent parameters were also used in large gap read mapping of 
sequences against Md-v1.0. In de novo assembly, the word sizes 22 (for Step 1, 
Figure2.1) and 23 (for Steps 2 and 8, Figure 2.1) and bubble size of 50 were chosen 
automatically by the CLC de novo assembler.  
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Figure 2.1 Flow chart of sequence analyses conducted to improve the apple reference 
transcriptome. Steps are indicated by the numbers in white boxes. Round 1 includes 
Steps 1-6, Round 2 Steps 7-23, and Round 3 Steps 24-28. Md-1.0: apple reference 
genome Malus × domestica v1.0. Md-1.0-RT: apple reference transcriptome 
associated with Md-1.0. MDPs: genes predicted in Md-1.0 and Md-1.0-RT 
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Table 2.1 The number of reads in raw, filter-passed and filtered (removed) 
Samples Raw reads Passed reads 
Passed reads 
(%) 
Filtered 
reads 
Filtered 
reads (%) 
WAF01 14,057,160 13,212,078 94.0 845,082 6.0 
WAF02 12,306,301 11,577,420 94.1 728,881 5.9 
WAF03 13,909,260 13,064,054 93.9 845,206 6.1 
WAF04 13,789,342 12,902,501 93.6 886,841 6.4 
WAF05 14,357,928 13,594,031 94.7 763,897 5.3 
WAF06 13,952,613 13,063,572 93.6 889,041 6.4 
WAF08 12,684,060 11,692,039 92.2 992,021 7.8 
WAF10 12,820,062 12,036,125 93.9 783,937 6.1 
WAF12 11,499,466 10,788,214 93.8 711,252 6.2 
WAF14 12,313,776 11,343,438 92.1 970,338 7.9 
WAF16 11,698,244 10,698,751 91.5 999,493 8.5 
WAF18 13,012,946 11,701,713 89.9 1,311,233 10.1 
WAF19 11,512,427 10,729,005 93.2 783,422 6.8 
WAF20 12,900,512 12,124,220 94.0 776,292 6.0 
Total 180,814,097 168,527,161 / 12,286,936 / 
Mean 12,915,293 12,037,654 93.2 877,638 6.8 
SD 979,475 986,658 1.3 156,287 1.3 
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For transcript discovery, parameters were mostly set by default, but with the 
following changes: (1) the minimum length of ORF calling was raised from 100bp to 
150bp; (2) For “gene” discovery, the maximum distance between events was set to 
10bp and the minimum length of “gene” was 150bp.  
2.3.4 Revision of the reference genome transcriptome (Md-v1.0-RT) 
An approach of three rounds of de novo assembly, large gap read mapping and/or 
transcript discovery was taken for improving Md-v1.0-RT (Figure 2.1). Briefly, Steps 
1-5 in Round 1 were intended to reveal new transcripts directly from reference 
genome Md-v1.0 so that a revision of Md-v1.0-RT could be made straightforwardly. 
We began with a complexity reduction step by de novo assembling of the RNA-seq 
reads into contigs in each of the 14 samples, generating a set of contigs of 1,241,606. 
The unassembled reads were collected and pooled and were de novo assembled again, 
yielding another set of contigs of 193,860. The reads (12,472,992) that still remained 
unassembled were re-collected, and used along with the two sets of contig sequences 
(1,435,466 in sum) as input for large gap read mapping against reference genome Md-
v1.0 using the CLC Large Gap Read Mapping tool. Revision of the reference 
transcriptome was conducted using the CLC Transcript Discovery tool, leading to the 
first revision of Md-v1.0-RT (Step 5). RNA-seq mapping evaluation of this initial 
revision of Md-v1.0-RT was completed using the reads from the 14 RNA-seq samples 
(Step 6). Steps 7 through 20 in Round 2 were attempted to discover new transcripts 
from the reads that could not be mapped in Step 6 so that more novel transcripts could 
be identified to achieve the second revision of Md-v1.0-RT. RNA-seq mapping 
evaluation of the second revision of Md-v1.0-RT was performed in Step 23 where the 
reads from the 14 samples were used again. The third round was largely a 
72 
supplementary step to Round 2 to identify new transcripts that were not selected early. 
Augmenting the second revision of MD-1.0-RT with the new transcripts in Round 3 
resulted in the improved reference transcriptome Md-v1.0-RT, i.e. the third revision of 
Md-v1.0-RT. 
2.3.5 MapMan gene ontology of new transcripts 
The sequences of the new transcripts were retrieved to BLAST search multiple 
databases using the web-based search tool Mercator (http://mapman.gabipd.org/ 
web/guest/mercator). The databases searched include: TAIR-Arabidopsis TAIR 
proteins (release 10), PPAP-SwissProt/UniProt Plant Proteins, CHLAMY-JGI Chlamy 
release 4 Augustus models, ORYZA-TIGR5 rice proteins, KOG: Clusters of 
orthologous eucaryotic genes database (KOG), CDD- conserved domain database, and 
IPR-interpro scan. The output file of Mercator not only contains the best hits in 
databases, but also assigns MapMan’s gene ontology (Thimm et al. 2004) for each 
input sequence if possible.  
2.3.6 Chromosomal locality and apple genome origin of new transcripts 
Chromosomal locality or the apple genome origin of the new transcripts was either 
deduced from their associated home MDCs if they were identified in Round 1 (Figure 
2.1), or evidenced from significant (E<10
-10
) hits in BLAST searches against reference
genome Md-v1.0 or GenBank that were conducted in Rounds 2 or 3 (Figure 2.1). 
2.3.7 Evaluation of the improved reference genome with RNA-seq data from other 
sources  
73 
Two sets of published RNA-seq paired-end data (Table 2.2) generated from the 
Illumina platform were downloaded from NCBI Sequence Read Archive (SRA). The 
first set contained two samples ERR033805 and ERR033806 (Krost et al. 2012 and 
2013). Both samples were collected from meristem tissues of apple breeding 
selections, but differed in their growth habit: ERR033805 was obtained from a 
standard selection while ERR033806 a columnar selection. The second set was a six-
sample (ERR313216, ERR313217, ERR313224, ERR313225, ERR313226 and 
ERR313239) subset representing the 24 samples used in investigating apple scab 
ontogenic resistance (Gusberti et al. 2013). These samples were derived from mRNA 
of Golden Delicious leaves challenged by pathogen Venturia inaequalis or mock-
inoculated by water. The two datasets were trimmed by three parameters (a quality 
limit of 0.05-a probability of error for a base called, an ambiguous limit of 2 and a 
minimum number of nucleotides of 15) to remove low quality reads or low quality 
bases in the reads prior to RNA-seq mapping (Table 2.2). 
2.4 Results 
2.4.1 Mapping of RNA-seq reads to the apple reference transcriptome (Md-v1.0-RT) 
The current version of apple reference genome (Md-v1.0) was released in 2010 
(Velasco et al. 2010). It comprises 122,107 MDCs (genomic contigs) that were 
annotated with 63,541 MDPs (predicted genes). To evaluate the coverage of Md-v1.0-
RT, the 14 sets of RNA-seq data from fruit of Golden Delicious (GD) were mapped 
against the reference transcriptome. The mean input was 12,037,654±986,658 reads 
per sample, with 168,527,161 reads in total (Table 2.3). The mean reads mapping rate 
was 42.8±4.5% (34.4%-49.6%), including 32.6±3.4% mapped uniquely and 10.2±1.2% 
7
0
 
74 
T
a
b
le
 2
.2
 D
et
ai
ls
 o
f 
th
e 
tw
o
 p
u
b
li
sh
ed
 R
N
A
-s
eq
 d
at
as
et
s 
u
se
d
 f
o
r 
ev
al
u
at
in
g
 t
h
e 
re
v
is
ed
 r
ef
er
en
ce
 t
ra
n
sc
ri
p
to
m
e
 
S
R
A
 R
u
n
 #
 
R
a
w
 r
ea
d
s 
(i
n
 s
in
g
le
 
re
ad
s)
 
P
as
se
d
 r
ea
d
s 
 (
in
 
si
n
g
le
 r
ea
d
s)
 
P
as
se
d
 r
ea
d
s 
(%
) 
F
il
te
re
d
 r
ea
d
s 
 (
in
 
si
n
g
le
 r
ea
d
s)
 
F
il
te
re
d
 r
ea
d
s 
(%
) 
T
re
at
m
en
t 
S
o
u
rc
e 
E
R
R
0
3
3
8
0
5
 
8
9
,6
4
7
,8
9
6
 
8
3
,2
1
0
,4
3
3
 
9
2
.8
 
6
,4
3
7
,4
6
3
 
7
.2
 
N
o
rm
a
l 
K
ro
st
 e
t 
al
. 
E
R
R
0
3
3
8
0
6
 
8
3
,8
0
7
,1
9
0
 
7
8
,5
6
7
,9
6
8
 
9
3
.7
 
5
,2
3
9
,2
2
2
 
6
.3
 
N
o
rm
a
l 
(2
0
1
2
 &
 2
0
1
3
) 
T
o
ta
l 
1
7
3
,4
5
5
,0
8
6
 
1
6
1
,7
7
8
,4
0
1
 
1
1
,6
7
6
,6
8
5
 
M
ea
n
 
8
6
,7
2
7
,5
4
3
 
8
0
,8
8
9
,2
0
1
 
9
3
.3
 
5
,8
3
8
,3
4
3
 
6
.7
 
S
D
 
4
,1
3
0
,0
0
3
 
3
,2
8
2
,7
1
8
 
0
.7
 
8
4
7
,2
8
4
 
0
.7
 
E
R
R
3
1
3
2
1
6
 
6
6
,2
4
1
,1
8
8
 
6
5
,3
7
5
,6
7
6
 
9
8
.7
 
8
6
5
,5
1
2
 
1
.3
 
V
. 
in
a
eq
u
a
li
s-
1
 
G
u
sb
er
ti
 e
t 
al
  
E
R
R
3
1
3
2
1
7
 
6
5
,6
2
0
,7
9
6
 
6
5
,4
1
8
,7
4
7
 
9
9
.7
 
2
0
2
,0
4
9
 
0
.3
 
C
K
-1
  
(2
0
1
3
) 
E
R
R
3
1
3
2
2
4
 
7
2
,8
5
5
,5
0
0
 
7
2
,4
9
6
,5
0
4
 
9
9
.5
 
3
5
8
,9
9
6
 
0
.5
 
V
. 
in
a
eq
u
a
li
s-
2
 
E
R
R
3
1
3
2
2
5
 
9
3
,2
9
1
,3
1
2
 
9
2
,9
1
3
,4
0
2
 
9
9
.6
 
3
7
7
,9
1
0
 
0
.4
 
C
K
-3
 
E
R
R
3
1
3
2
2
6
 
7
1
,2
9
0
,4
6
4
 
7
0
,9
7
9
,1
4
4
 
9
9
.6
 
3
1
1
,3
2
0
 
0
.4
 
C
K
-2
 
E
R
R
3
1
3
2
3
9
 
7
4
,7
3
8
,8
0
6
 
7
4
,2
6
0
,4
5
0
 
9
9
.4
 
4
7
8
,3
5
6
 
0
.6
 
V
. 
in
a
eq
u
a
li
s-
3
 
T
o
ta
l 
4
4
4
,0
3
8
,0
6
6
 
4
4
1
,4
4
3
,9
2
3
 
2
,5
9
4
,1
4
3
 
M
ea
n
 
7
4
,0
0
6
,3
4
4
 
7
3
,5
7
3
,9
8
7
 
9
9
.4
 
4
3
2
,3
5
7
 
0
.6
 
S
D
 
1
0
,1
1
6
,9
3
6
 
1
0
,1
5
9
,7
1
1
 
0
.4
 
2
3
0
,5
5
5
 
0
.4
 
7
1
 
74 
75 
T
a
b
le
 2
.3
 R
N
A
-s
eq
 m
ap
p
in
g
 o
f 
re
ad
s 
ag
ai
n
st
 t
h
e 
cu
rr
en
t 
v
er
si
o
n
 o
f 
ap
p
le
 r
ef
er
en
ce
 t
ra
n
sc
ri
p
to
m
e 
(M
d
-v
1
.0
-R
T
) 
an
d
 i
ts
 r
ev
is
io
n
s 
R
ef
er
e
n
ce
 
tr
an
sc
ri
p
to
m
e
 
R
ea
d
s 
m
ap
p
in
g
 
O
v
er
al
l 
N
o
. 
o
f 
re
ad
s 
M
ea
n
 N
o
. 
o
f 
re
ad
s 
p
er
 s
am
p
le
 
S
D
 o
f 
m
ea
n
 N
o
. 
o
f 
re
ad
s 
p
er
 s
am
p
le
 
%
 o
f 
T
o
ta
l 
R
ea
d
s 
%
 o
f 
T
o
ta
l 
R
ea
d
s-
S
D
 
M
D
-v
1
.0
-R
T
 
M
ap
p
ed
 
7
2
,3
9
8
,7
7
5
 
5
,1
7
1
,3
4
1
 
7
9
2
,5
9
4
 
4
2
.8
 
4
.5
 
-u
n
iq
u
el
y
 
5
5
,1
3
4
,8
9
3
 
3
,9
3
8
,2
0
7
 
5
9
6
,3
8
1
 
3
2
.6
 
3
.3
 
-n
o
n
-s
p
ec
if
ic
al
ly
 
1
7
,2
6
3
,8
8
2
 
1
,2
3
3
,1
3
4
 
1
9
8
,2
8
0
 
1
0
.2
 
1
.2
 
U
n
m
ap
p
ed
 
9
6
,1
2
8
,3
8
6
 
6
,8
6
6
,3
1
3
 
6
2
3
,2
5
7
 
5
7
.2
 
4
.5
 
T
o
ta
l 
1
6
8
,5
2
7
,1
6
1
 
1
2
,0
3
7
,6
5
4
 
9
8
6
,6
5
8
 
1
0
0
.0
 
0
.0
 
1
st
 r
ev
is
io
n
 
M
ap
p
ed
 
1
2
4
,1
7
4
,2
1
7
 
8
,8
6
9
,5
8
7
 
1
,1
7
5
,9
6
7
 
7
3
.5
 
5
.9
 
-u
n
iq
u
el
y
 
1
0
0
,2
0
7
,3
8
6
 
7
,1
5
7
,6
7
0
 
1
,0
6
0
,6
0
6
 
5
9
.3
 
6
.1
 
-n
o
n
-s
p
ec
if
ic
al
ly
 
2
3
,9
6
6
,8
3
1
 
1
,7
1
1
,9
1
7
 
2
2
9
,3
9
3
 
1
4
.2
 
1
.2
 
U
n
m
ap
p
ed
 
4
4
,3
5
2
,9
4
4
 
3
,1
6
8
,0
6
7
 
6
5
2
,3
2
0
 
2
6
.5
 
5
.9
 
T
o
ta
l 
1
6
8
,5
2
7
,1
6
1
 
1
2
,0
3
7
,6
5
4
 
9
8
6
,6
5
8
 
1
0
0
.0
 
0
.0
 
7
2
 
76 
T
a
b
le
 2
.3
 (
C
o
n
ti
n
u
ed
) 
2
n
d
 r
ev
is
io
n
 
M
ap
p
ed
 
1
2
7
,9
9
6
,9
3
2
 
9
,1
4
2
,6
3
8
 
1
,2
9
8
,1
6
4
 
7
5
.8
 
7
.1
 
-u
n
iq
u
el
y
 
1
0
5
,3
7
0
,5
0
7
 
7
,5
2
6
,4
6
5
 
1
,0
6
8
,6
3
3
 
6
2
.4
 
5
.9
 
-n
o
n
-s
p
ec
if
ic
al
ly
 
2
2
,6
2
6
,4
2
5
 
1
,6
1
6
,1
7
3
 
2
3
4
,2
9
6
, 
1
3
.4
 
1
.3
 
U
n
m
ap
p
ed
 
4
0
,5
3
0
,2
2
9
 
2
,8
9
5
,0
1
6
 
7
9
7
,8
0
7
 
2
4
.2
 
7
.1
 
T
o
ta
l 
1
6
8
,5
2
7
,1
6
1
 
1
2
,0
3
7
,6
5
4
 
9
8
6
,6
5
8
 
1
0
0
.0
 
0
.0
 
3
rd
 r
ev
is
io
n
 
M
ap
p
ed
 
1
2
9
,2
7
7
,6
8
4
 
9
,2
3
4
,1
2
0
 
1
,2
9
8
,2
1
8
 
7
6
.5
 
7
.0
 
-u
n
iq
u
el
y
 
1
0
5
,4
0
9
,5
5
6
 
7
,5
2
9
,2
5
4
 
1
,0
5
4
,5
9
8
 
6
2
.4
 
5
.7
 
-n
o
n
-s
p
ec
if
ic
al
ly
 
2
3
,8
6
8
,1
2
8
 
1
,7
0
4
,8
6
6
 
2
4
8
,0
8
6
 
1
4
.1
 
1
.4
 
U
n
m
ap
p
ed
 
3
9
,2
4
9
,4
7
7
 
2
,8
0
3
,5
3
4
 
7
8
3
,2
2
1
 
2
3
.5
 
7
.0
 
T
o
ta
l 
1
6
8
,5
2
7
,1
6
1
 
1
2
,0
3
7
,6
5
4
 
9
8
6
,6
5
8
 
1
0
0
.0
 
0
.0
 
77 
non-specifically. Of the mapped reads, 10.9±1.4% was mapped to the introns (data not 
shown). These data suggested that the majority (57.2±4.5%) of reads were not counted 
in the RNA-seq reads mapping process, and that alternative splicing variants were 
likely common within the MDPs as nearly 11% of mapped reads were mapped to the 
predicted intron regions. 
2.4.2 Improvement of the apple reference transcriptome (Md-v1.0-RT) 
To improve reference transcriptome Md-v1.0-RT, the 14 sets of RNA-seq data from 
GD fruit were used to uncover novel transcripts. An approach of three rounds of de 
novo assembling, large gap read mapping, transcript discovery and/or RNA-seq 
mapping evaluation was carried out for this purpose (Figure 2.1, Table 2.3). 
In Round 1, the two sets of De Novo assembled contigs (1,435,466) and the 
un-assembled reads (12,472,992) from the 14 samples were mapped to 49,553 of the 
122,107 MDCs in Md-v1.0 using the CLC Large Gap Read Mapping tool. The 
remaining 72,554 MDCs received zero reads. The CLC Transcript Discovery tool was 
used for the first revision of reference transcriptome Md-v1.0-RT that contained 
61,798 genes or transcripts, including 53,654 MDPs and 8,144 new transcripts (Step 5, 
Figure 2.1) which collectively covered 176.6Mb. The 53,654 MDPs accounted for 
160.7Mb (2,995±2,784bp/gene) of the transcriptome and comprised two gene sets. 
The first set of 53,579 genes corresponded to MDPs defined in the original Md-v1.0-
RT, but with many enhanced by alternative splicing variants and/or new 5’ or 3’ 
sequences (Figure 2.2a,c). The second set of 74 genes that represented 154 single 
MDPs in the original Md-v1.0-RT as each of the 74 were combined from two or more 
MDPs due to the presence of bridging reads between them (Figure 2.2b,e) on the same 
strand. The 8,144 new transcripts had an accumulated exon length of 6.5Mb 
78 
Figure 2.2 Large gap read mapping and transcript discovery and verification. The 
length (bp) of MDCs and MDPs or transcripts is shown by the numbers on top. The 
blue, green and yellow colors in the graphic annotation of genes represent gene, 
mRNA and CDS (coding sequences), respectively. The mapped strand specific reads 
are shown in red line (for one strand) or green line (for the other stand). Reads that are 
not specifically mapped are indicated with yellow lines. The dotted region in reads 
corresponds to an intron. a. Large gap read mapping of reads and read contigs onto 
MD C003205.158 (shown a section). Note the reads and read contigs under 
MDP0000352691 and Gene 1148. b. Large gap read mapping of reads and read 
contigs onto MDC001105.322 (shown a section). Note the reads and read contigs that 
bridge genes between MDP0000364831 and MDP0000339601 on the same strand. c-e. 
RNA-seq mappings of reads for genes MDP0000352691 (c. note the new sequences 
expanded beyond the original coverage of MDP0000352691 in a), gene 1148 (d. this 
proves gene 1148 to be a novel transcript between MDP0000352691 and 
MDP0000277388 in MDC003205.158) and MDP0000364831 and MDP0000339601 
that were merged into one gene (e) 
7
7
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(796±536bp/transcript) and represented transcribed regions that were not included in 
Md-v1.0-RT (Figure 2.2a,d). Alternative splicing variants were detected in the new 
transcripts as well (Figure 2.2d). There were 9,887 MDPs in the original Md-v1.0-RT 
that were excluded from in the first revision because the genomic contigs (MDCs) 
harboring these MDPs were among the 72,554 MDCs that received zero reads in the 
large gap read mapping. Repeating the mapping of the original RNA-seq data for the 
14 samples using the first revision of Md-v1.0-RT resulted in mapping 73.5±5.9% of 
reads (Figure 2.1, Table 2.3), an increase of 30.7 percentiles from the coverage of 
42.8±4.5% when using the original Md-v1.0-RT (Table 2.3).  
The aim of the second round of revision was to uncover more novel transcripts. 
To do so, the reads that could not be mapped to the first revision of Md-v1.0-RT in 
RNA-seq mapping (Step 6, Figure 2.1) were collected and de novo assembled into 
96,776 contigs of minimal 110 bases (Steps 7-8, Figure 2.1). When the reads were 
mapped back to these contigs using the CLC Large Gap Read Mapping tool, 18,741 
mappings of at least 50 reads were selected (Steps 9-10, Figure 2.1). By retrieving 
their corresponding contig sequences and then BLAST search against local databases 
for rDNAs and the apple genome (Md-v1.0), 150 contigs highly similar to rDNAs 
were removed and 18,525 contigs of at least one significant hit (E<10
-10
) in Md-v1.0
were identified (Steps 11-13, Figure 2.1). The 66 contigs without a significant hit in 
Mdv1.0 were BLAST searched against GenBank, leading to removing 56 of them 
similar to apple virus and other microbes’ sequences (Steps 14-16, Figure 2.1). The 
remaining ten, including two with hits from strawberry and eight with zero hits, were 
pooled with the 18,525 contigs of hits in Md-v1.0, which allowed retrieving 18,535 
corresponding large gap read mappings (Steps 13, 15, 17 and 18, Figure 2.1). 
Applying the CLC Transcript Discovery tool to 5,541 of the 18,535 large gap read 
mappings of at least 500 bases in length or at least 1,000 mapped reads revealed 5,361 
81 
new transcripts (Steps 19-21, Figure 2.1, Figure 2.3a,b). Combining these new 
transcripts with the first revision of Md-v1.0-RT led to the second revision of Md-
v1.0-RT (Step 22, Figure 2.1). The 5,361 new transcripts accounted for transcribed 
regions of 3,481kb (649±330bp/transcript) of the transcriptome and included many 
splice variants (Figure 2.3a,b). RNA-seq mapping of the 14 samples against the 
second revision of Md-v1.0-RT resulted in a read mapping rate of 75.8±7.1%, a 2.3-
percentile increase over that obtained using the first revision. 
The intent of the third round of revision was to identify transcripts that could 
account for the reads represented by the 4,515 large gap read mappings that were not 
selected in the second round, but had 100-999 mapped reads with contig length of 
300-499 bp (Step 24, Figure 2.1). Using again the CLC Transcript Discovery tool, we 
obtained 4,019 new transcripts (Steps 25-26, Figure 2.1, Figure 2.3c,d) that are 
equivalent to an accumulated transcribed region of 1,503kb (374±58bp/transcript). 
Alternative splicing variants were detectable in this set of transcripts as well (Figure 
2.3d). Supplementing the
 
second revision of the reference transcriptome with these 
4,019 new transcripts (Step 27, Figure 2.1) denoted the third revision of Md-v1.0-RT. 
Mapping of RNA-seq reads from the 14 samples to the third revision of Md-v1.0-RT 
resulted in a mean reads mapping rate of 76.5±7.0% (Table 2.3, Step 28, Figure 2.1). 
Overall, this final revision of reference transcriptome Md-v1.0-RT, which is available 
at the Genome Database for Rosaceae (http://www.rosaceae.org/), contained 71,178 
genes or transcripts covering 172.2Mb, of which 53,654 are MDPs and 17,524 novel 
transcripts.  
2.4.3 Evaluation of the revised apple reference transcriptome with RNA-seq data from 
other sources 
82 
Figure 2.3 Novel transcripts identified from reads un-mapped initially. The transcripts 
are annotated or presented with the same elements and colors schemes as described in 
Figure 2.2. a, b. Examples of new transcripts revealed in Round 2 (Figure 2.1). c, d. 
Examples of new transcripts uncovered in Round 3 (Figure 2.1) 
8
0
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To evaluate the revised reference transcriptome, two sets of RNA-seq data that were 
reported in previous studies (Krost et al. 2012 and 2013; Gusberti et al 2013) were 
used (Table 2.2). After trimming/removing low quality bases and reads, the first 
dataset (ERR033805 and ERR033806) in Krost et al. (2012 and 2013) contained 
80.9±3.3 million reads per sample and the second dataset (ERR313216, ERR313217, 
ERR313224, ERR313225, ERR313226 and ERR313239) in Gusberti et al (2013) 
contained 73.6±10.2 million reads per sample. RNA-seq mapping against the revised 
Md-v1.0-RT showed that reads of 82.3±2.7% in the first dataset and 62.6±7.7% in 
second dataset were mapped. In comparison, only 46.6±7.1% of reads in the first 
dataset and 37.4±7.7% in the second dataset were mapped using the original Md-v1.0-
RT (Table 2.4). These results indicated that when reads from other tissues or 
genotypes were mapped with the revised reference, much higher rates of coverage 
were obtained. 
2.4.4 MapMan gene ontology of the new transcripts 
Over the process of three rounds of transcript discovery, a total of 17,524 new 
transcripts were identified, including 8,144 identified from reads directly mapped to 
reference genome Md-v1.0, and 9,380 identified from the unmapped reads. To 
understand their putative functions as well as their possible MapMan’s gene ontology 
(Thimm et al. 2004), multiple databases were searched with the web-based search tool 
Mercator (http://mapman.gabipd.org/web/guest/mercator) using the 17,524 new 
transcripts as BLAST queries. Of these, 7,724 (44.1%) had significant returns (E<10
-
10
), but only 6,978 (39.8%) were assigned with a MapMan ontology in one of the 34 
bins while 746 (4.3%) were placed to ‘not assigned and no ontology’ (Figure 2.4). The 
remaining 9,800 (55.9%) were returned without significant hits or assigned
8
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Figure 2.4 Distribution of the 17,524 novel transcripts in MapMan bins. The 
percentage was calculated from the number of transcripts in a given bin over the total 
transcripts of 17,524. Each bin is shown by a piece of the pie and presented clock-
wide with the first and several other bins labeled in red. The key for each of 35 
MapMan bins is listed on right 
8
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to category ‘not assigned and unknown’ (9,664 or 55.2%) or failed to be processed 
(136 or 0.8%). Among the assigned bins, ‘Protein’ (1,581 or 9.0%) and ‘RNA’ (1002 
or 5.7%) were the most abundant while bins ‘gluconeogenesis/glyoxylate cycle’ (3 or 
0.02%) and ‘micro RNA, natural antisense etc’ (1 or 0.01%) the least (Figure 2.4).  
2.4.5 Chromosomal locality or apple genome origin of the new transcripts 
Chromosomal locality of the 8,144 transcripts identified in the first round of revision 
was inferred straightforwardly from their harboring MDCs in the apple genome Md-
v1.0. It showed that 7,582 (93.1%) transcripts were located in MDCs anchored to one 
of the 17 chromosomes while 562 (6.9%) were found in unanchored MDCs (Figure 
2.5). The apple genome origin of the 9,380 new transcripts that were identified from 
the unmapped reads in the second and third rounds of revisions (Figure 2.1) was 
evaluated by BLAST searches against Md-v1.0 and GenBank. The BLAST searches 
found that 9,375 of them had one or more significant hits (E<10
-10
) in the apple
genome Md-v1.0 (Table 2.5). Of the 9,375 of significant hits in the apple genome, 
7,594 (81.0%) had the highest sequence identity greater than 98.0%, and the rest 1,781 
(19.0%) ranged from 70.0% through 98.0%. Among the remaining five transcripts, 
two had significant hits of strawberry sequences in GenBank and three did not show 
any significant similarities with any sequences in GenBank (Table 2.5). These data 
suggested that 9,377 of the 9,380 new transcripts are of the apple genome origin. The 
three without any significant hits in GenBank are also likely of the apple genome 
origin (see Discussion). 
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Figure 2.5 Chromosomal distribution of the 8,144 novel transcripts. UA unanchored 
in the apple genome 
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Table 2.5 The number of novel transcripts returned with one or more significant hits 
in BLAST searches 
1
Databases searched 
Highest 
sequence identity 
(%) 
E value 
No. of 
transcripts 
Percent 
Md-v1.0 98.01-100.00 9.044E-18 to 0 7,594 80.96 
Md-v1.0 90.01-98.00 6.732E-24 to 0 1,665 17.75 
Md-v1.0 85.01-90.00 8.307E-22 to 0 75 0.80 
Md-v1.0 70.01-85.00 8.893E-29 to 0 41 0.44 
GenBank 74.53-78.10 1.66E-29 to 2.63E-71 2 0.02 
Md-v1.0 & GenBank NA NA 3 0.03 
Total 9380 100 
  1 
  The cutoff is E<10
-10
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2.5 Discussion 
2.5.1 Identification of novel transcripts 
The massive throughput of RNA-seq has been effective in identifying novel transcripts 
in annotated genomes (Trapnell et al. 2010; Zhang et al. 2010; Roberts et al. 2011). 
Through direct mapping of RNA-seq reads to the apple reference genome Md-v1.0, 
we identified 8,144 novel transcripts. These transcripts represent a fraction of the 
apple reference transcriptome missing in Md-v1.0-RT. Furthermore, by de novo 
assembling of reads that could not be mapped to Md-v1.0 in RNA-seq mapping, an 
additional 9,380 novel transcripts were uncovered. Taken together, these revisions 
represent another important section of the apple reference transcriptome. Collectively, 
we revealed 17,524 new transcripts in this study. Similar results were reported in other 
plant species. For example, mapping of RNA-seq reads had identified 5, 285 genes 
that were never annotated previously in the cucumber genome (Li et al. 2011). In 
barley, RNA-seq based gene annotations led to a report of 34,276 novel transcribed 
genomic regions (Olson et al. 2013). 
The 9,380 new transcripts were identified from the reads that could not be 
mapped initially. To provide evidence that they were of apple origin rather than from 
other sources or contamination, the 9,380 new transcripts were BLAST searched 
against Md-v1.0 and GenBank databases. The searches found that 9,377 of them were 
returned with a significant hit(s) in apple (9,375) or strawberry (2) (Table 2.5), 
strongly suggesting that these transcripts are of the apple genome origin. However, the 
chromosomal locality of the 9,380 new transcripts could not be determined in this 
study. In order to locate them on chromosomes, a dedicated effort is necessary. It is 
highly likely that some of these new transcripts would come from genomic regions 
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currently missing in Md-v1.0. Determining their chromosomal locality would likely 
aid gap filling in the apple reference genome. 
The three transcripts that had no significant hits in BLAST searches were also 
likely of the apple genome origin as they are not from contaminations of any known 
sources. Contamination by non-apple transcripts was indeed detected in the RNA-seq 
reads. In the BLAST searches, there were 56 transcripts assembled from the un-
mapped reads that were identified nearly identical to genes of apple virus and other 
microbes, including apple chlorotic leaf spot virus, apple stem pitting virus, and apple 
green crinkle associated virus. These non-apple transcripts were removed in the 
process of finding this set of new transcripts (Steps 14-16, Figure 2.1). Since the 56 
contaminant transcripts were found along with 9,377 apple transcripts, the likelihood 
for the three transcripts being of non-apple genome origin would be low. The 
chromosomal locality of these three transcripts will be determined together with the 
majority (9,377) of this group of novel transcripts.  
A large number (9,627 or 55.2%) of the 17,524 new transcripts are unknown in 
MapMan gene ontology (code 35.2) (Figure 2.4). Several factors might have 
contributed to this observation. First, they were indeed new genes and there were no 
characterized orthologs in the databases. Second, they were un-translated regions 
(UTRs) disassociated with their coding regions of certain genes. Third, they were non-
coding RNAs, which are common in plant genomes (Qi et al. 2013; Wu et al. 2013). 
Examining the 17,524 new transcripts showed that a CDS longer than 200bp could 
only be found in 8,629 of them. This strongly suggested that the majority of the 
remaining 8,895 represent either UTRs or non-coding RNAs, largely explaining the 
observation. 
There were 74 genes derived from merging two or more MDPs (154 single 
MDPs in total) because of the bridging reads between them on the same strand. These 
93 
merges appeared to be similar to gene fusions that generate hybrid genes when 
chromosomal rearrangements bring two separate genes together. However, based on 
studies in plant genomes, such as Arabidopsis and rice, gene fusion is a rare and slow 
process (Nakamura et al. 2007). The observations of bridging reads between adjacent 
MDPs on the same stand were therefore unlikely caused by gene fusion, but by the 
imperfect gene prediction in Md-v1.0. 
2.5.2 Improvement of the apple reference transcriptome 
The apple reference genome Md-v1.0 has been available since 2010 (Velasco et al. 
2010). Although the efforts are underway, Md-v2.0 has not been released thus far. We 
presented here an approach of repeated read mapping and transcript discovery using 
CLC Genomics Workbench to improve the original version of reference transcriptome 
Md-v1.0-RT. The major improvement is the identification of the 17,524 new 
transcripts. The improved reference transcriptome allowed 76.5±7.0% of the reads in 
the 14 samples mapped in RNA-seq mapping, representing a marked increase from 
42.8±4.5%, the reads mapping rate associated with the original Md-v1.0-RT. Testing 
of the improved reference with two published datasets from other genotypes and/or 
tissue types also showed a notable improvement in coverage of reads mapping. In the 
first dataset (Krost et al 2012 and 2013), the coverage was increased from 46.6±7.1% 
to 82.3±2.7%. In the second dataset (Gusberti et al. 2013), it was improved from 
37.4±7.7% to 62.5±9.3%. These results suggested that the improved apple reference 
transcriptome may be used in RNA-seq based studies involving tissues beyond fruit 
and genotypes beyond Golden Delicious. 
The coverage of a reference transcriptome in mapping RNA-seq reads is 
affected by many factors, such as the purity of source mRNA, reads length, and 
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mapping parameters, especially the minimum length fraction and the minimum 
similarity. In this study, we set the minimum length fraction and the minimum 
similarity to 0.80 and 0.98, respectively. Testing of RNA-seq mapping using the six 
samples from Gusbeti et al (2013) (Table 2.2) against the original reference 
transcriptome Md-v1.0-RT showed that the 0.80/0.98 combination of parameters 
allowed mapping 28.8±5.9% of the reads uniquely (Table 2.4). This is equivalent to an 
8.2-percentile reduction from the unique mapping rate (37.0±3.7%) for the same six 
samples reported in Gusberti et al (2013), where the CLC default mapping parameters 
(0.90 in the minimum length fraction and 0.80 in the minimum similarity) were used. 
The mapping parameters (0.80/0.98) are therefore probably more stringent than the 
CLC default settings in RNA-seq mapping, suggesting that the reference coverage was 
likely under-estimated in this study. Using Md-v1.0-RT, a read mapping rate of 65% 
was reported (Gapper et al. 2013). It was possible that the shorter read length (40 
bases) and lower minimum similarity (0.95) used in the study might have contributed 
to the observation of a relatively high reads coverage for the original reference 
transcriptome Md-v1.0-RT.  
In the three-round reads mapping and transcript discovery approach, we 
restricted RNA-seq reads to Golden Delicious, the source of the reference genome 
Md-v1.0 to avoid potential uncertainties from other genotypes. This might not be 
necessary given the high reads mapping rate (82.3±2.7%) from the two other 
genotypes (Krost et al. 2012 and 2013). Nevertheless, the approach appeared to be 
effective as it had led to an improved reference transcriptome that gave high coverage 
in mapping RNA-seq reads. The important difference of this approach from the de 
novo transcriptome assembly approach ( Krost et al. 2012 and 2013; Zhang et al. 2012) 
is that the improved reference transcriptome was mostly built on the existing reference 
genome and transcriptome. Since much of the improvement (e.g. the 8,144 novel 
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transcripts) could be localized on chromosomes, the resulting transcriptome, if used, 
would readily allow studies to put findings under the context of genome. 
The high reads mapping rates were obtained from samples under normal 
growth conditions. It remains to be seen whether or not the improved reference 
transcriptome would also provide a high coverage for reads mapping when samples 
were treated with biotic and abiotic stresses. In the six samples (Table 2.2) from 
Gusberti e al. (2013), samples (ERR313216, ERR313224, ERR313239) challenged by 
V. inaequalis appeared to have a lower read mapping rate (58.2±3.3%) than their non-
challenged controls (ERR313217, ERR313225 and ERR313226) did (66.9±12.2%), 
but the difference was insignificant in t-test (P=0.2322). A noteworthy point is that 
there were 9,887 MDPs not included in the improved reference transcriptome due to 
zero reads mapped to their home MDCs. Although excluding these MDPs had no or 
little effect on mapping RNA-seq reads in this study, they might become relevant if 
their expression were highly specific to certain tissues, conditions, or growth and 
developmental stages. It might be necessary to include them in the reference 
transcriptome when the improved reference transcriptome is not satisfactory in 
mapping RNA-seq reads. Another important point is that the improved reference 
genome is just one step forward towards the complete apple reference transcriptome. 
Much more work remains to be continued, which includes, but not limited to, mRNA 
sequence backed precise annotation of all protein coding genes that include UTRs and 
alternative splicing variants, and non-coding RNAs.  
2.6 Conclusion 
We improved the current apple reference transcriptome Md-v1.0-RT using three 
rounds of read mapping and transcript discovery based on the RNA-seq data from fruit 
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of Golden Delicious at 14 stages of growth and development. The major improvement 
is the identification of 17,524 novel transcripts that either not annotated or missing in 
the current reference genome. The improved reference transcriptome considerably 
increased the RNA-seq mapping rates in the samples studied, including those from 
genotypes rather than Golden Delicious. The improvement represents a step forward 
towards a complete reference transcriptome in apple. 
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CHAPTER 3 
A CO-EXPRESSION GENE NETWORK REGULATING ACIDITY IN 
DEVELOPING APPLE FRUIT 
3.1 Abstract 
Apple fruit acidity, which affects fruit overall taste and flavor to a large extent, is 
primarily determined by the concentration of malic acid. Previous studies 
demonstrated that the major QTL Ma (malic acid) on chromosome 16 is largely 
responsible for fruit acidity variations in apple. Recent advances suggested that a 
natural mutation led premature stop codon in one of the two aluminum-activated 
malate transporter (ALMT)-like genes (called Ma1) is the gene underlying Ma. 
However, these findings do not explain the developmental changes of fruit malate 
levels in a given genotype. Using RNA-seq data from the fruit of ‘Golden Delicious’ 
taken at 14 developmental stages, we characterized their transcriptomes in groups of 
high (12.2±1.6 mg/g fw), mid (7.4±0.5 mg/g fw) and low (5.4±0.4 mg/g fw) malate 
concentrations. Detailed analyses showed that a set of 3,066 genes (including Ma1) 
were expressed not only differentially (PFDR<0.05) between the high and low malate 
groups, but also in significant (P<0.05) correlation with malate concentrations. The 
3,066 genes fell in 648 MapMan (sub-) bins or functional classes, and 19 of them, 
which encompassed 363 genes, were significantly (PFDR<0.05) co-enriched or co-
suppressed in a malate dependent manner. Network inferring (r>0.94) using the 363 
genes led to a major co-expression gene network of 286 genes. Based on the putative 
functions of the 19 functional classes and the core members in the gene network, we 
suggest that: (1) the pathways of the malate-pyruvate interconversion, photosynthesis, 
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mitochondrial electron transport and amino acid degradation are involved in the 
variation of malate levels in developing fruit; and (2) the co-expression gene network 
not only involves symplastic signal transduction, transcription regulation and post-
translational modification, but also the role of apoplast. 
3.2 Introduction 
Acidity, which affects fruit overall taste and flavor, has long been considered one of 
the most important quality attributes in fruits, such as apple, grape and tomato. As 
such, titratable acidity and pH are routinely measured to evaluate fruit acidity levels 
for advancing selections in fruit breeding. Many organic acids contribute to acidity 
levels in fruit, but malic acid (or its conjugate base malate) and citric acid (or citrate) 
are considered the major contributors. Given their roles in determining fruit acidity, 
extensive efforts have been made to understand how malate and citrate accumulate in 
fruit cells, which has been reviewed recently in detail (Etienne et al. 2013; Sweetman 
et al. 2009). 
In apple, acidity in mature fruit is primarily determined by the concentration of malic 
acid as it usually makes up approximately 98% of total acidity (Hulme and Wooltorton 
1957). Obviously, biochemical and physiological processes that affect malate 
accumulations are relevant in determining fruit acidity levels. These processes may 
include malate synthesis, degradation, intracellular transport, and storage (Beruter 
2004; Etienne et al. 2013; Sweetman et al. 2009). Malate is primarily synthesized in 
cytosol through glycolysis of hexoses derived from sorbitol and sucrose, which are 
imported from leaves. It could also be synthesized through pathways pertaining to 
photosynthesis in chloroplast, the tricarboxylic acid (TCA) cycle in mitochondrion, 
and the glyoxylate cycle in glyoxysome at varying fruit growth and developmental 
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stages. For malate degradation, the main pathways are the gluconeogenesis in cytosol 
and the TCA cycle in mitochondrion. In addition to synthesis and degradation, 
intracellular transport of malate into and out of the vacuole is an integral part of the 
network for malate homeostasis in cells as vacuole is the major repository of malate. 
To understand these biological processes important for fruit acidity in apple, genes 
and/or enzymes involved in malate synthesis and degradation are logical targets of 
investigations. However, studies on the relevance of these genes or enzymes in 
determining acidity levels had drawn inconsistent conclusions. On one hand, no 
difference in the activity of phosphoenolpyruvate carboxylase (PEPC), NAD-
dependent malate dehydrogenase (NAD-MDH) or NADP-dependent malic enzyme 
(NADP-ME), the key enzymes in malate metabolism, was found between a low acid 
variety ‘Usterapfel’ and its high acid mutant (Beruter 2004), suggesting a limited role, 
if any, of these enzymes in determining apple fruit acidity. On the other hand, 
profiling the expression patterns and their corresponding enzyme activities for genes 
MdPEPC (EU315246, for PEPC) and MdcyME (DQ280492, for NADP-ME) 
underscored that there were differences between low and high acid genotypes (Yao et 
al. 2009), implicating their roles in fruit acidity. In addition, the functionality of NAD-
MDH (DQ221207) had been demonstrated in malate synthesis in apple (Yao et al. 
2011). 
Although the study (Beruter 2004) did not find significant differences between the low 
acid variety ‘Usterapfel’ and its high acid mutant in the catalytic activity for enzymes 
PEPC, NAD-MDH and NADP-ME, it demonstrated that the uptake of [
14
C] malate
was significantly lower in excised tissue of ‘Usterapfel’ than in that of the mutant. 
This suggested that the low malate content in ‘Usterapfel’ fruit was the result of a 
restricted ability to transport malate into its vacuoles and then maintain the malate 
levels in them. Indeed, several vacuolar transporters, such as the vacuolar pumps, e.g. 
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V-ATPase (Schumacher and Krebs 2010) and MdVHA-A (EF128033, for subunit A 
of vacuolar H+-ATPase)(Yao et al. 2009), tonoplast dicarboxylate transporter, e.g. 
AttDT (Emmerlich et al. 2003), and members of the ALMT1 (aluminum-activated 
malate transporter1) family proteins (Barbier-Brygoo et al. 2011), e.g. AtALMT9 
(Kovermann et al. 2007) and AtALMT6 (Meyer et al. 2011), had been implicated of 
critical roles in maintaining the homeostasis of malate in plant cells. The most 
important and direct evidence of the role of vacuolar transporters in determining 
malate levels in apple came from the isolation of Ma (malic acid) (Bai et al. 2012; 
Khan et al. 2013), a major gene or QTL controlling fruit acidity on linkage group 16 
(Kenis et al. 2008; Liebhard et al. 2003; Maliepaard et al. 1998; Xu et al. 2012). The 
Ma locus encodes two ALMT1 like genes, called Ma1 and Ma2, and a single 
nucleotide mutation that led to a premature stop codon in Ma1 was attributed to the 
low acidity phenotype in apple(Bai et al. 2012).  
In developing apple fruit of a given variety, the malate concentrations could vary by 
three folds between the highest and the lowest. The change commonly begins with a 
rapid increase in the first 4-5 weeks after full-bloom and then progressively decreases 
through maturity (Beruter 2004; Hulme and Wooltorton 1957; Ulrich 1970; Zhang et 
al. 2010). Although the Ma locus largely governs fruit acidity variations in diverse 
apple varieties, it does not explain the developmental changes of fruit acidity in a 
given genotype as the genotype at the Ma locus never changes. We hypothesized that 
developmental variations in apple malate levels were caused by a set of genes that 
were expressed differentially and in a malate dependent manner. The objectives of this 
study were 1) to identify the genes that were differentially expressed in developing 
fruit of significant variations at malate levels, 2) to identify functional classes or 
MapMan (sub-) bins that were either co-enriched or co-suppressed in a malate 
dependent manner and construct a co-expression gene network of these genes. 
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3.3 Materials and Methods 
3.3.1 Plant materials and malate quantification 
The fruit samples of ‘Golden Delicious’ (GD) that were collected in a previous study 
(Wang and Xu 2012) were used in this work. Briefly, the fruit samples were taken at 
14 time points from 1 week after full-bloom (WAF01) through harvest (WAF20) in 
2010 and were immediately frozen in liquid nitrogen and stored at -80⁰C. For 
WAF01-03 (3 time points), the whole fruit were pooled with the pedicel removed, and 
there were at least ten fruit for each sampling time point. For the rest 11 time points 
WAF04-20 only the cortex tissues were used and at least five fruit were pooled for 
each time point. In addition, three biological replicates at WAF20 were also prepared 
from 1, 2 and 2 fruit that were ground independently. As a result, a total of 17 fruit 
samples were prepared for the 14 time points (1 pooled sample for each time point of 
WAF01-20 plus 3 additional replicates for WAF20). 
Malate concentrations of the 14 pooled fruit samples were determined on an Agilent 
7890A GC/5795C MS (Agilent Technology, Palo Alto, CA, USA) with three technical 
replicates from the pooled fruit samples. Organic acids were extracted and derivatized 
following a protocol described previously (Lisec et al. 2006) with minor 
modifications. Briefly, homogenized apple fruit tissues of 100 mg (per sample per 
replication) were extracted in 1.4 ml of 75% methanol with 600 ppm ribitol added as 
internal standard. After fractionation of non-polar metabolites into chloroform, 2.5 μl 
of the polar phase were transferred into a 2.0 ml Eppendorf tube and were dried under 
vacuum without heating and then derivatized with 40 ul each of methoxyamine 
hydrochloride an N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) sequentially. 
To measure metabolites, 1 ul of the derivatized sample was injected at 230°C in 
106 
splitless mode with helium carrier gas flow set to 1 ml/min. Chromatography was 
performed on a DB-5MS capillary column (20 m × 0.18 mm × 0.18 μm) with a 5 m 
Duraguard column (Agilent Technology). The temperature program was isothermal at 
70°C for 2.471 min, followed by a 10.119°C/min ramp to 330°C and a final 2.471 min 
heating at 330°C. Cooling was performed as fast as possible. The system was then 
temperature equilibrated at 70°C for 5 min before the next injection. Mass spectra 
were collected at 5.6 scans s−1 over an m/z 50–600 scanning range. The transfer line 
temperature and the ion source temperature were set to 250 and 230°C, respectively. 
Metabolites were identified by comparing fragmentation patterns with those in a mass 
spectral library generated on our GC/MS system and an annotated quadrupole GC–MS 
spectral library downloaded from the Golm Metabolome Database 
(http://csbdb.mpimp-golm.mpg.de/csbdb/gmd/msri/gmd_msri.html) and quantified 
based on standard curves generated for each metabolite and internal standard.  
3.3.2 RNA isolation and strand specific RNA-seq library construction and sequencing 
For total RNA isolation, ground fruit tissue of 2g (young fruit)-3g (mature or near 
mature fruit) were used following a previous protocol (Gasic et al. 2004) with 
modifications, i.e. 1ml Sarkosyl of 20% (w/v) was added to the extraction buffer 
before tissue homogenization. The isolated total RNA was stored in EB buffer 
(Qiagen, Germantown, MD) with addition of 1× Ambion RNAsecure (Invitrogen/Life 
Technologies, Carlsbad, CA). Activation of RNAsecure was carried out by incubating 
the samples at 60⁰C (in a water bath) for 10 min and then immediately put on ice. 
Evaluation of RNA quantity and quality was performed using Nanodrop 1000 
(Thermo Scientific, Waltham, MA) and Bioanalyzer 2100 with RNA 6000 Nano Chip 
(Agilent, Santa Clara, CA) and electrophoresis of a 2% agarose gel (using 1/10 RNA 
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dilutions in EB buffer with 1× Ambion RNA secure). Immediately prior to mRNA 
isolation, the RNA samples were treated with DNase I (amplification grade, 
Invitrogen) at 37°C for 30 min followed by heat inactivation at 65°C for 15 min. The 
procedure for RNA-seq library construction was described previously (Bai et al. 
2014). Briefly, we used NEBNext Poly(A) mRNA Magnetic Isolation Module and 
NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England 
Biolabs, Ipswich, MA) for mRNA isolation and stand specific RNA-seq library 
preparation. The starting amount of total RNA for each library was 5μg and the 
manufacturer’s protocols were followed with minor modifications (Bai et al. 2014). 
The 14 libraries constructed from pooled fruit samples were multiplexed with 60 ng 
each for single-end sequencing of 101 bases without replication in one lane of 
Illumina HiSeq 2000 (Illumina, San Diego, CA) at the Cornell University 
Biotechnology Resource Center (Ithaca, NY). The three libraries constructed from the 
three WAF20 replicates were multiplexed with other samples and sequenced similarly 
in another lane.  
3.3.3 RNA-seq data analysis 
Seventeen sequence files with a total of 214.2 million (data not shown) raw reads were 
generated by the Illumina pipeline in software CASAVA v1.8 in Sanger FASTQ 
format (available under NCBI SRA experiment number SRX392051), but only those 
(199.8 million, 93.3±1.2% of the total raw reads) that passed the chastity filter (i.e. no 
more than one base call in the first 25 cycles has a chastity higher than 0.6) in the 
pipeline were used for further analysis (Table 3.1).  
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Table 3.1 Overview of RNA-seq reads mapping 
 
Sample 
Name 
Reads passed 
CASAVA1.8 
Clean and 
high quality 
reads 
Total reads 
mapped 
Rate of 
total 
reads 
mapped 
(%) 
Unique reads 
mapped 
Rate of 
unique 
reads 
mapped 
(%) 
Overall 
rate of 
mapped 
reads (%) 
WAF01 13,212,078 11,345,227 9,116,208 80.4 7,633,852 67.3 69.00 
WAF02 11,577,420 10,705,459 8,630,679 80.6 7,207,324 67.3 74.55 
WAF03 13,064,054 12,964,570 10,517,983 81.1 8,792,486 67.8 80.51 
WAF04 12,902,501 12,837,350 10,373,060 80.8 8,675,165 67.6 80.40 
WAF05 13,594,031 12,970,807 10,493,887 80.9 8,781,681 67.7 77.19 
WAF06 13,063,572 11,704,599 9,402,917 80.3 7,819,313 66.8 71.98 
WAF08 11,692,039 8,214,001 6,422,760 78.2 5,310,767 64.7 54.93 
WAF10 12,036,125 11,806,215 9,512,624 80.6 7,931,225 67.2 79.03 
WAF12 10,788,214 10,602,253 8,515,180 80.3 7,142,042 67.4 78.93 
WAF14 11,343,438 10,497,848 8,168,955 77.8 6,831,534 65.1 72.01 
WAF16 10,698,751 9,384,232 7,121,602 75.9 5,934,340 63.2 66.56 
WAF18 11,701,713 9,661,120 7,215,878 74.7 6,029,985 62.4 61.67 
WAF19 10,729,005 9,813,882 7,750,642 79.0 6,483,387 66.1 72.24 
WAF20* 10,858,938 9,356,135 7,323,393 78.19 6,091,529 65.01 66.85 
WAF20-P 12,124,220 11,885,016 9,336,067 78.6 7,787,968 65.5 77.00 
WAF20-I 10,181,395 7,585,469 5,872,330 77.4 4,835,327 63.7 57.68 
WAF20-II 8,731,735 7,221,069 5,642,027 78.1 4,714,082 65.3 64.62 
WAF20-III 12,398,400 10,732,987 8,443,147 78.7 7,028,740 65.5 68.10 
Total 199,838,691 179,932,104 142,535,946 118,939,218 
Mean 11,755,217 10,584,241 8,384,467 79.02 6,996,425 65.91 70.96 
SD 1,269,947 1,773,230 1,538,605 1.87 1,297,956 1.68 7.88 
*Mean of the four samples from WAF20 (not included in calculation of column totals and means)
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Data analyses were performed using CLC Genomics Workbench (CLC GW) v6.5 
(CLCBio, Cambridge, Massachusetts). To remove reads derived from rRNA, the 
ribosomal RNA database SILVA Release 115 (http://www.arb-silva.de/) was 
downloaded and used as reference sequences. Mapping of the reads to the rRNA 
references was conducted using the minimum length fraction of 1.0 and the minimum 
similarity of 0.95. The reads that could not be mapped to the reference SILVA Release 
115 were collected and then filtered by quality (using the CLC GW default settings) to 
further remove low quality reads and/or bases (Table 3.1). For mapping of RNA-seq 
reads against the improved apple reference transcriptome (Bai et al. 2014), the 
minimum length fraction of 0.8 and the minimum similarity of 0.98 were used (our 
empirical sequence identity threshold often effective in differentiating paralog 
sequences in the apple genome). The improved reference transcriptome is available at 
the Genome Database for Rosaceae (GDR), which includes 53,654 of the 63,541 
genes or MDPs (MDPs are the three letters prefixing in apple gene IDs) predicted 
originally and 17,524 novel transcripts (Bai et al. 2014). For convenience, hereafter 
the 17,524 novel transcripts will be referred to ‘gene’ and ‘MDP0000’ (e.g. 
MDP0000252114) will be abbreviated to ‘M’ (e.g. M252114). 
For expression analysis, the count of reads mapped for a given gene was expressed as 
RPKM (reads per kilobase exon model per million mapped reads) (Mortazavi et al. 
2008). Genes were considered expressed if their RPKM values were greater than 0.3 
as similarly defined previously (ES et al. 2001). For time point WAF20, the mean 
RPKM value of the four samples was used.  
The cutoff for a gene said to be expressed differentially between malate groups is 
PFDR<0.05 in the Baggerly’s test (Ferguson 1984). In the subsequent gene co-
enrichment or co-suppression analysis, K-mean clustering and network construction, 
RPKM values were square root transformed. 
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3.3.4 Identification of genes and MapMan bins associated with the variation of malate 
concentrations 
We define that malate associated genes are those that meet the following two criteria: 
1) expressed significantly (PFDR<0.05) differently between high and malate samples in
the Baggerly's test (Ferguson 1984) (conducted using CLC GW), and 2) expressed in 
significant correlation (Pr<0.05) with malate concentrations and/or the expression of 
Ma1 (Bai et al. 2012) in the 14 sampling time points (conducted using MS Excel). 
Association of MapMan (sub-)bins or functional classes with malate was established 
using the PageMan tool (Usadel et al. 2006) embedded in the MapMan software, 
where the significant threshold PFDR<0.05 was set in Wilcoxon rank sum test 
(Wilcoxon 1945) that was followed by the Benjamini-Hochberg false discovery rate 
(FDR) correction (Benjamini and Hochberg 1995). 
To assign the MapMan (sub-) bins or functional classes, the 71,178 genes in the 
improved apple reference transcriptome (Bai et al. 2014) was conducted by BLAST 
search of multiple databases using the web-based search tool Mercator 
(http://mapman.gabipd.org/web/guest/mercator) (Lohse et al. 2014). The databases 
searched include: TAIR-Arabidopsis TAIR proteins (release 10), PPAP-
SwissProt/UniProt Plant Proteins, CHLAMY-JGI Chlamy release 4 Augustus models, 
ORYZA-TIGR5 rice proteins, KOG: Clusters of orthologous eucaryotic genes 
database (KOG), CDD- conserved domain database, and IPR-interpro scan. The 
output file of Mercator lists the best hits in databases and assigns MapMan’s (sub-) 
bins (Thimm et al. 2004) for each input sequences if possible, which were used as the 
‘mapping file’ required by the PageMan tool. The ‘experiment file’ contained only the 
malate associated genes (met with the two criteria above) and their RPKM values with 
square root transformation.  
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3.3.5 Gene clustering and co-expression network inferring 
Genes in the MapMan (sub-) bins that were associated with malate variations were 
clustered by K-means using MeV4.9 (Saeed et al. 2006) with default parameters 
except for the number of clusters, which was set to six. Network inferring from these 
genes was conducted using the Cytoscape  Network Inference (Cyni) tool based on the 
Pearson correlation r>0.94, an optimal threshold in this study. For network analysis, 
the Cytoscape plugin NetworkAnalyzer (Assenov et al. 2008) was used. 
3.3.6 qRT-PCR analysis 
The same set of total RNA samples used for RNA-seq libraries were used for qRT-
PCR. Three independent reverse transcription reactions were carried out for each 
sample with 2 μg of total RNA using the Superscript III RT (Invitrogen, Carlsbad, 
CA). The resulting first strand cDNA was diluted by 5 folds, and then used as 
templates for qRT-PCR, in which an apple actin gene (EB136338) served as a 
reference using primers 5’GGCTGGATTTGCTGGTGATG and 
5’TGCTCACTATGCCGTGCTCA. The three targeted genes were M252114 (Ma1), 
M196894 and M127123, and their primer sequences (in pair) were 
5’CGTCATGGTGTCTGGAACAT and 5’CTCCATGGCAAAAACCTGTC, 
5’GCATCACGAAGAAGACGATG and 5’TTCTTGCCGTGAATCAACAA, and 
5’GTGTGTGGGAATGAGGTGGA and 5’GTTTGATGGTGCTGGGTGAA, 
respectively. qRT-PCR was performed with the LightCycler 480 Real-Time PCR 
System (Roche, Indianapolis, IN) as described previously (Bai et al. 2012). Expression 
quantification and data analysis were performed via LightCycler 480 Software 
(Version 1.5) using the comparative cycle threshold method (Pfaffl 2001). 
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3.4 Results 
3.4.1 Determination of malate concentrations in fruit and grouping 
Fruit malate concentrations were measured by GC-MS at 14 stages from one week 
after full bloom (WAF01) to harvest (WAF20). The malate concentrations increased 
slowly from WAF01 (6.79±0.16mg/g fw) to WAF02 (7.39±0.38mg/g fw), but rapidly 
from WAF02 through WAF05 (14.52±0.48 mg/g fw) when the peak was reached 
(Figure 3.1A). Decline in malate concentration began at WAF06 and continued until 
harvest (WAF20) although there were minor upticks at WAF12 and WAF20. The 
lowest malate concentration was recorded at WAF19 (5.15 mg/g fw), equivalent to 
35.5% of the peak at WAF05. 
Based on the overall malate concentrations, the samples from the 14 time points were 
categorized into three groups: 1) high malate of five samples WAF03-WAF6 and 
WAF08, 2) mid malate of another five WAF01, WAF02, WAF10, WAF12 and 
WAF14, and low malate of four WAF16 and WAF18-WAF20 (Figure 3.1B). 
ANOVA analysis indicated that the differences in group means were significant 
between high and mid malate groups (P=1.8E-12, z test) as well as between the mid 
and low malate groups (P=7.8E-12, z test). 
3.4.2 Expression analysis in groups of varying malate concentrations 
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Figure 3.1 Malate concentrations in developing fruit of Golden Delicious (GD). 
Standard deviations were shown with the error bars. A. GC-MS measurements of 
malate concentrations (mg/g fw) in fruit from one week after full-bloom (WAF01) 
through harvest (WAF20). B. Mean malate concentrations of fruit groups of high 
(WAF03-06 and WAF08), mid (WAF01-02, WAF12-16) and low (WAF16-20) 
malate. 
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Gene expression analyses were conducted based on an improved apple reference 
transcriptome, which includes 53,654 genes (MDPs) and 17,524 new transcripts that 
were identified from RNA-seq reads unmapped to the original apple reference 
transcriptome (Bai et al. 2014). After removing reads derived from rRNA and those of 
low quality, the total reads input for mapping was 179.9 million, and the total mapped 
and uniquely mapped reads were 142.5 million (79.0%) and 118.9 million (65.9%), 
respectively (Table 3.1). The mean mapped reads per sample were 8.4±1.5 million in 
total and 7.0±1.3 million in unique. 
Overall, there were 50,700 genes expressed (i.e. with an RPKM greater than 
0.3 at least in one of the 14 time points, data not shown). However, if the mean RPKM 
values in the three groups were used, the number of expressed genes (i.e. with an 
RPKM greater than 0.3 at least in one of the three groups of high, mid and low malate) 
was 43,496 (Figure 3.2A). In individual malate groups, there were 39,789, 40,714 and 
37,213 genes expressed in the high, mid and low malate groups, respectively. The 
genes that were uniquely expressed were 1,062, 1,410 and 1223 in the high, mid and 
low malate groups, respectively (Figure 3.2A). In terms of reads for the expressed 
genes, there were 8.6±1.6 million mapped total gene reads per time point in high 
malate group, 8.0±0.5 million in mid malate group, and 6.7±0.3 million in the low 
malate group (Figure 3.2B). 
3.4.3 Identification of genes associated with variations of malate concentrations 
To identify genes putatively responsible for the variations in malate concentrations in 
developing fruit, we conducted two comparisons of expression patterns: the first was 
between the high and low malate groups, which identified 4,041 genes or transcripts 
expressed significantly differentially (PFDR<0.05) based on the Baggerly's te
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Figure 3.2 Overview of RNA-seq data analysis in the fruit groups of high, mid and 
low malate. A. Venn diagram representation of the number of genes expressed 
(RPKM>0.3). B. Mean number of the mapped reads (per sample). Standard deviations 
were shown with the error bars. 
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(Ferguson 1984). The second was among the 14 individual time points, which was 
started with a large set of 22,870 genes that showed minimal difference between any 
of the two time points, i.e. RPKM absolute difference>3 and RPKM absolute fold 
change >1.2. The genes in the large set were each calculated for their correlations with 
malate concentrations as well as the expression of Ma1. This identified 7,150 genes to 
be significantly (Pr>0.538<0.05) correlated with either malate concentrations and/or the 
expression of Ma1. The correlation coefficient (r) between malate and Ma1 was 
r=0.572 (Pr=0.572<0.05), indicating that the expression of Ma1 was significantly 
correlated with malate variations in developing fruits. Combining the two lists of 
genes 4,041 and 7,150 found 3,066 genes in common (including Ma1). These genes 
were not only expressed differentially (PFDR<0.05) between high and low malate 
groups, but also significantly (Pr>0.538<0.05) correlated with malate concentrations 
(2180 or 71.1%), or with the expression of Ma1 (100 or 3.3%), or both (786 or 
25.6%). 
MapMan gene ontology analysis showed that 1,949 (63.6%) of 3066 genes could be 
assigned to one or more MapMan Bins while 1,117 (36.4%) could not (Figure 3.3). 
Bins ‘29_protein’ of 342 (11.5%) genes, ‘26_miscellaneous’ of 215 (7.0%) and 
‘27_RNA’ of 199 (6.5%) were the largest bins among the assigned whereas 
‘32_microRNA’ of 0 (0%), ‘24_Biodegradation of Xenobiotics’ of 1 (0.03%) and 
‘22_Polyamine metabolism’ of 2 (0.07%) were the smallest bins. In the unassigned, 
174 (5.7%) were found of significant hits, but there were no ontology for them in 
MapMan; and the rest 938 (30.6%) were either unknown or failed to be processed in 
Mecator based database searches. Overall, the 3,066 genes were assigned into 648 
MapMan (sub-) bins or functional classes (data not shown). 
3.4.4 Identification of MapMan (sub-) bins expressed in a malate dependable manner
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Figure 3.3 Distribution in MapMan bins of the 3,066 genes which were expressed not 
only significantly (P<0.01) in correlation with malate concentrations and/or the 
expression of Ma1, but also significantly (PFDR<0.05) in difference between the high 
and low malate groups. The MapMan bins were coded with numbers 1-35, prefixing 
the name along with a dash. 
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To determine if the expression of any functional classes or MapMan (sub-) bins were 
co-enriched or co-suppressed in three malate groups, the 3,066 genes were subjected 
to a MapMan Bin-wise Wilcoxon test. The resulting p values were adjusted according 
to the Benjamini and Hochberg (1995) false discovery rate control (FDR) and 
presented using the PageMan tool in MapMan, where the FDR p-values were further 
compressed by converting them into z-scores (a p-value of 0.05 is equal to a z-score of 
1.96) (Figure 3.4). It showed that a total of 43 functional classes were expressed 
significantly higher or lower than the rest in a given malate group. Nineteen of the 43 
functional classes fell into the two primary MapMan bins, i.e. ‘1_PS (photosynthesis)’ 
of 8 and ‘29_protein’ of 11. The rest (24) functional classes were in primary MapMan 
12 bins with three each in ‘8_ TCA / org transformation’, ‘20_stress’, ‘27_RNA’ and 
‘30_signaling’, two each in ‘13_amino acid metabolism’, ‘16_secondary metabolism’, 
‘26_miscellaneous’ and ‘35_not assigned’, and one each in ‘9_mitochondrial electron 
transport / ATP synthesis’, ‘10_cell wall’, ‘21_redox’ and ‘31_cell’ (Figure 3.4). 
There were two groups of functional classes to be excluded from further analysis. The 
first was the ten MapMan (sub-) bins in codes 1, 1.1, 1.1.1, 1.1.1.1, 1.3, 21, 29.2, 
29.2.1, 35 and 35.2 (Figure 3.4) as they were either co-suppressed (in bins 35 and 
35.2) or co-enriched (in the other eight) without discrimination in the three malate 
groups, indicating they were not causal for the variations of malate concentrations in 
developing fruit. The second was the 14 functional classes with MapMan bincodes 
1.1.2, 8, 8.2, 13, 20.2, 26, 27, 27.3, 29, 29.2.1.1, 29.4, 29.4.1, 29.5 and 30.2 (Figure 
3.4). These functional classes were in higher orders in the hierarchical nomenclature 
system of MapMan bins and their detections were likely caused by the presence of 
those in the (immediate) lower orders. For example, the detection of 1.1.2 was 
probably due to the presence of 1.1.2.2, and the detection of 8.2 due to the presence of 
8.2.10 (Figure 3.4). Removing the second group is necessary to eliminate the 
121 
Figure 3.4 The functional classes (MapMan bins or sub-bins) that were significantly 
(PFDR<0.05) co-enriched or co-suppressed in the fruit groups of high, mid and low 
malate. The FDR p-values were converted into z scores (a p-value of 0.05 equals a z-
score of 1.96) and represented with a color scale from blue (co-suppressed) to white 
(expressed at normal levels) to red (co-enriched). The functional classes were 
annotated on the right panel and the numbers at the end of each annotation show the z 
scores in the low malate group. 
 High 
Malate 
Mid 
Malate 
Low 
Malate 
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overlapping functional classes.  
The remaining 19 functional classes, which encompassed a total of 362 genes (Figure 
3.4, Table 3.2, Appendix 1), were considered to be important components in the gene 
network regulating malate levels in developing fruit. Given its known role in acidity, 
Ma1 was added to the list, making the total number of genes to be further analyzed at 
363. Based on their putative functions, it could be postulated that: (i) several pathways 
might be critical for the variation of malate levels in developing fruit, including the 
malate and pyruvate interconversion reaction (8.2.10), photosynthesis (1.1.1.2 and 
1.1.2.2), mitochondrial electron transport (9) and amino acid degradation (13.2), and 
(ii) genes in functional classes C2H2 zinc finger transcription factors (27.3.11, 14 
genes), protein posttranslational modification (29.4.1.57, 27 genes), and signaling 
receptor kinases (30.2.11 and 30.2.17, 33 genes) were likely essential for 
transcriptional regulation (Table 3.2, Appendix 1).  
K-means clustering of the 363 genes using software MeV 4.9 (Saeed et al. 
2006)allowed grouping them into six clusters of 52, 132, 66, 54, 32 and 28 genes 
(Figure 3.5, Table 3.2, Appendix 1). The 132 genes in Cluster 2 were down-regulated 
in high malate fruit while the rest 231 in the other five clusters were all up-regulated in 
the high malate fruit (Figure 3.5).  
3.4.5 Co-expression gene networks regulating malate concentrations 
Using the network Inferring tool of software Cytoscape 3.1 , co-expression gene 
networks were constructed with 294 of 363 genes under Pearson correlation 
coefficient r>0.94, which included a major network of 286 members (Figure 3.6A) 
and 4 mini networks of 8 members (Figure 3.6B). Notably, Ma1 was not present in 
these networks due to the threshold r>0.94. Analyzing the networks with a
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Figure 3.5 Expression of K-means clusters of the 363 genes or transcripts in MapMan 
functional classes that were significantly co-enriched or co-suppressed differentially in 
the fruit groups of high, mid and low malate. The vertical axis shows the square root 
transformation of RPKM values. Note the expression of genes in Cluster #2 that was 
negatively correlated with malate concentrations, and Ma1 was included in Cluster #6. 
 126
127 
Figure 3.6 A graphic representation of the co-expression gene networks consisted of 
294 of the 363 genes (shown in Figure 3.5) regulating malate levels in developing 
fruit. The networks were constructed using the Cytoscape network inferring tool (the 
Pearson r>0.94) and analyzed with NetworkAnalyzer (Assenov et al. 2008). Node 
color and shape keys are indicated in the legend. Please note that the diamond and 
oval shapes represent for K-means cluster 2 (negatively correlated with malate levels, 
see also Figure 3.5) and the remainder 5 clusters (positively correlated with malate 
levels), respectively. A. A major co-expression gene network of 286 members. The 
bottom section shows the 16 genes of the highest degrees at the network core, and 
mid-section shows the 121 immediate neighbors of the 16 genes at the core, and the 
top shows the rest (149 genes).B. Four mini networks of eight members. C. Degrees of 
nodes in the major and mini networks.  
 A
 
B
 
C
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Cytoscape plugin NetwrokAnalyzer v2.7 (Assenov et al. 2008) showed that there were 
16 nodes (genes) of the highest degrees (the number of neighbors) of 40-56 in the 
major network (Figure 3.6C, Table 3.3) while 75 nodes were of the lowest degrees 
with 28 of degree 1, 30 of degree 2 and 17 of degree 3 (Fiure.3.6A-C). The remainder 
(majority) 203 had degrees of 4-37.  
The 16 genes of the highest degrees were considered as the core of the major 
gene network, and they collectively had 121 immediate neighbors (Figure 3.7). 
Revealing the identity of the 16 genes (Table 3.3) suggested that there were four 
(M186555, M798156, M897253 and M157044) putatively for encoding leucine rich 
repeat (LRR) receptor kinases in signaling, three (M252536, M321839 and M491898) 
for cell wall degradation related enzymes, one (M246502) for a C2H2 zinc finger 
transcription factor, one (M258977) for a NADP malic enzyme (ME), and seven for 
others. These results largely reinforced the two postulations above, i.e. (i) the 
pathways of the malate and pyruvate interconversion (e.g. by the NADP ME), 
photosynthesis, mitochondrial electron transport and amino acid degradation were 
essential for the variation of malate levels in developing fruit; and (ii) the co-
expression gene network not only involved symplastic signal transduction (e.g. 
mediated by LRR receptor kinases), transcription regulation (e.g. by the C2H2 zinc 
finger transcription factor) and post-translational modification, but also the role of 
apoplast (e.g. through the cell wall degradation enzymes). 
3.4.6 qRT-PCR confirmation of gene expression 
To confirm if the RPKM values truly reflect the expression levels, three genes Ma1 
(M252114), M196894 and M127123 were analyzed with qRT-PCR assay (Figure 3.8). 
The relative expression of these three genes in qRT-PCR were highly correlated with 
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Figure 3.8 Confirmation of gene expression of three selected genes using qRT-PCR. 
The normalized expression of target genes relative to a control gene (actin) in qRT-
PCR was shown in blue (against the primary vertical axis), and their corresponding 
RPKM values from RNA-seq were in red (against the secondary vertical axis). The 
efficient of determination (R
2
) was shown accordingly.
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their RPKM values with Ma1 of r
2
=0.560, M196894 of r
2
=0.628, and M127123 of
r
2
=0.913, which all exceeded the critical value (r
2
=0.471) at the significance level of
P0.01. 
3.5 Discussion 
3.5.1 Identification of genes associated with the variation of malate levels in 
developing fruit 
Changes of malate levels in developing fruit has long been reported and are often 
characterized by a peak in a period from WAF04-WAF08 (Beruter 2004; Hulme and 
Wooltorton 1957; Ulrich 1970; Zhang et al. 2010). In this study, we found a similar 
developmental pattern in malate levels in fruit of Golden Delicious, i.e. it was 
increased rapidly from WAF02 through WAF5 and then progressively decreased 
through harvest (WAF20). The malate concentrations varied from 5.15 mg/g fw 
(WAF19) to 14.52±0.48 mg/g fw (WAF05) in the 14 time points measured and could 
be grouped into high, mid and low malate (Figure 3.1). We hypothesized this 
developmental change in fruit malate levels is regulated by a dynamic gene network 
that may involve Ma1, the major gene considered to control apple fruit acidity at 
maturity (Bai et al. 2012; Khan et al. 2013). To shed light on the gene network, we 
took a transcriptomics approach by analyzing a set of RNA-seq data obtained from the 
14 time points in developing fruit using the improved apple reference transcriptome 
(Bai et al. 2014). We found that there were 39,789, 40,714, and 37,213 genes 
expressed in the high, mid, and low malate groups, respectively (Figure 3.2A), which 
collectively corresponded to 43,496 genes expressed. Of these expressed genes, 3,066 
were expressed not only differentially (PFDR<0.05) between the high and low malate 
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groups but also in significant (P<0.05) correlation with malate concentrations and/or 
the expression of Ma1 in the 14 time points. Confirmation the expression through 
qRT-PCR on three of them (M252114 (Ma1), M196894 and M127123) indicated that 
the expression measured in RNA-seq was significantly (R
2
=0.56-0.91, P<0.01)
correlated with that in qRT-PCR. Based on these data, we predict that a majority, if 
not all, of the genes that are responsible for malate variations in developing fruit are 
included in the 3,066 genes. 
3.5.2 Pathways putatively important in determining malate levels 
To extract relevant biological information from this large set of 3,066 genes, we 
elected to use the MapMan annotation of functional classes that were designed for 
plants (Thimm et al. 2004) rather than the general GO (Gene Ontology) terms. Based 
on the comparative study on the two ontologies MapMan and GO (Langmead et al. 
2009), and the objective of this study, it appeared that MapMan based annotation was 
more appropriate. The 3,066 genes were assigned into 648 functional classes or 
MapMan (sub-) bins, of which 1,949 genes (63.6%) were of a putative function while 
1117 (36.4%) of unknown function (Figure 3.3). 
The PageMan tool (Usadel et al. 2006) has been used widely on plants to 
condense large data set by identifying enriched pathways or MapMan functional 
classes (Gowik et al. 2011; Langmead et al. 2009; Secco et al. 2013; Usadel et al. 
2009). Using this tool, we found that 19 of the 648 MapMan functional classes 
encompassing the 3,066 genes were significantly (PFDR<0.05) co-enriched or co-
suppressed in a malate dependent manner (Figure 3.4, Table 3.2). The 19 functional 
classes comprised 363 (362 plus Ma1) genes, and K-means clustering of these genes 
revealed that expression of 132 (36.5%) of them was negatively correlated with malate 
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levels while the expression of the rest 231 positively (Figure 3.5, Table 3.2). The 19 
functional classes included known primary metabolic pathways for malate synthesis 
and degradation, such as the malate and pyruvate interconversion reaction and 
photosynthesis, as well as those that have indirect effects on malate, such as 
mitochondrial electron transport and amino acid metabolism. 
The malate and pyruvate interconversion reaction is one of the key steps 
underlying the current model of potential metabolic pathways involving malate in fruit 
(Etienne et al. 2013; Sweetman et al. 2009). The interconversion reaction occurs in 
cytosol and in chloroplast and is more favored from malate to pyruvate catalyzed by 
NADP dependent malic enzymes (NADP-ME). The identification of sub-bin 8.2.10 of 
nine NADP-ME encoding genes as one of the 19 functional classes strongly suggested 
the role of the malate and pyruvate interconversion reaction in malate levels. Since 
they were expressed significantly higher only in low malate group and were all fallen 
into K-means Cluster 2, the nine NADP-ME encoding genes appeared to negatively 
affect malate levels in fruit, i.e. higher expression leads to low malate levels. Based on 
the sequence similarity annotations of the nine NADP-MEs (Appendix 1), six were 
similar to AtNADP ME1, two (including M258977 at the core of the gene network) to 
AtNADP ME3, and one to AtNADP ME4. Since enzymes AtNADP-ME2 and 
AtNADP-ME3 were cytosolic and AtNADP ME4 was plastidic (Wheeler et al. 2005), 
the negative correlation was likely a reflection of the cytosolic reaction rather the one 
in plastids. Indeed, enzyme activities of a characterized cytosolic NADP-ME 
(DQ280492), which is nearly identical to M192078, has been shown to negatively 
contribute to malate accumulation in apple fruit (Yao et al. 2009), although the 
difference in the expression of M192078 was insignificant between the high and low 
malate groups in this study. Moreover, a recent study on the plastidic NADP-ME that 
was knocked-out by RNAi in ripening tomato fruit showed that malic acid was 
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reduced (Osorio et al. 2013), suggesting that disrupting the interconversion between 
pyruvate and malate in plastid would reduce rather than increase the malic acid levels 
in fruit. 
Developing apple fruit are capable of photosynthesis although the CO2 
assimilated is primarily from the mitochondrial respiration (Blanke and Lenz 1989). In 
this pathway, oxaloacetate is produced through the action of phosphoenolpyruvate 
carboxylase (PEPC) and then malate by NADP malate dehydrogenase (NADP-MDH). 
The expression of the two functional classes (sub-bins) 1.1.1.2 of 29 genes associated 
with photosystems I (PSI) and 1.1.2.2 of 18 from PSII were significantly higher in 
high- and mid- malate groups while normal in low acid group (Figure 3.4). K-means 
clustering of these two sub-bins indicated that 45 of the 47 genes falling into Clusters 
1 and 3 that were positively correlated with malate levels (Table 3.2). These data 
suggested a more active photosynthesis process in relatively young fruit may have 
facilitated the biosynthesis of malate, contributing to high malate levels in the high-
malate group (WAF3-WAF8). 
Mitochondrial electron transport is one of the major respiratory pathways in 
which the reducing equivalents (e.g. NADH) generated from the TCA cycle are used 
to drive the synthesis of ATP (FJ and TK 1998). While generating ATP, the complex I 
of electron transport chain also makes NAD
+
 available from NADH for the TCA cycle
where the recycling of NAD
+
 is required. Therefore, the TCA cycle and the electron
transport chain are in fact an integrated process, largely explaining the putative role of 
mitochondrial electron transport in fruit malate levels. There were nine genes in the 
mitochondrial electron transport functional class (bin 9), with three for complex I, two 
for complex III and four for ATP synthases (Table 3.2, Appendix 1). The nine genes 
were expressed at significantly higher levels in low-malate group but normal in high- 
and mid-malate groups (Figure 3.4), and eight of them were in K-means Cluster II 
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(Table 3.2, Figure 3.5). These data seemed to suggest that high expression of genes in 
the electron transport chain was correlated with low malate levels. This is consistent 
with the finding that malate and citrate increased in the leaves of the CMSII mutant in 
Nicotiana sylvestris that lacks functional complex I (Gutierres et al. 1997; Noctor et al. 
2004). 
The 11 genes identified in the functional class amino acid metabolism-
degradation (sub-bin 13.2) were expressed at normal levels in high- and mid-malate 
groups but at significantly higher levels in the low malate groups (Figure 3.5). Of 
these genes, four were for degradation of the aspartate family amino acids (asparagine, 
lysine, threonine, and methionine), five for the aromatic amino acids including 
tyrosine (4) and tryptophan (1), and two for branched chain amino acids (Leucine or 
isoleucine or valine). Although these amino acids have their unique degradation 
pathways, the pathways could converge into intermediates acetyl CoA, fumarate, 
pyruvate, oxaloacetate, and succinyl-CoA (Nelson et al. 2008). Obviously, all of the 
intermediates can enter the TCA cycle, the known major pathway for malate 
metabolism, accounting for the involvement of these amino acid degradation genes.  
3.5.3 Co-expression gene networks regulating malate concentrations 
Using the 363 genes in the 19 MapMan functional classes that were co-enriched or co-
suppressed depending upon malate groups, we inferred a major co-expression gene 
network of 286 genes. There were 16 genes at the core of the network based on the 
nodes of the highest degrees (Figures 3.6, 3.7, Table 3.2), which were assumed to have 
more important roles in the network. The major gene Ma1 for fruit acidity was not 
present in the network due to the threshold r>0.94 used in the network construction. 
However, it is still possible that the variation in malate concentration actually involved 
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Ma1. This could be evidenced from the fact that 97 of the 286 genes in the network 
were initially identified through their significant correlations with Ma1 although 88 of 
these genes also showed high correlation with malate concentrations. In grape, a Ma1 
like gene VvALMT9 has also been demonstrated to mediate both malate and tartrate 
accumulation in developing berries (Angeli et al. 2013).  
Members of the ALMT1 protein family are known for their critical role in 
aluminum tolerance in plants (Collins et al. 2008; Hoekenga et al. 2006; Sasaki et al. 
2004), where the efflux organic anions especially malate from roots is a common 
mechanism. Under the current transcriptional regulation model of aluminum tolerance 
in Arabidopsis (Delhaize et al. 2012), sensitive to proton rhizotoxicity1 (STOP1), a 
C2H2 zinc finger transcriptional factor, controls the expression of AtALMT1, 
multidrug and toxic compound extrusion 1 (AtMATE1), aluminum sensitive 3 
(AtALS3), and other proton and Al
3+
 responsive genes (Delhaize et al. 2012). It was
suggested that protein kinases might activate STOP1 by phosphorylation and the 
activated STOP1 would then bind to the promoters of the targeted genes to initiate 
transcription. However, the sensor elements interacting with Al
3+
 and/or protons were
unknown. A model comprising similar elements was also proposed to account for the 
Al
3+
 tolerance in rice (Delhaize et al. 2012). The counterpart of STOP1 is Al
3+
resistance transcription factor 1 (ART1), another C2H2 transcription factor, and 
ART1 had been proven to regulate the expression of at least 31 genes related to 
detoxification mechanisms (MR and MR 2004). The 19 functional classes that were 
expressed in a malate dependent manner in developing fruit included important 
elements in the aluminum tolerance models, such as C2H2 transcriptional factors (14 
genes in sub-bin 27.3.11), protein kinase for post translational modification (27 genes 
in sub -bin 29.4.1.57) and leucine rich repeat (LRR) receptor kinases for signaling (23 
genes in sub-bin 30.2.11 and 10 genes in sub-bin 30.2.17). Interestingly, G105811, a 
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new gene identified from contig MDC016907.364 in the improved reference 
transcriptome shared the highest sequence similarities with STOP1 in Arabidopsis and 
is the only one annotated as an ortholog of STOP1 by Mercator. It would be of interest 
to investigate if any of these genes would directly or indirectly interact with Ma1.  
The identification of the 18 genes (sub-bin 10.6) associated with cell wall 
degradation suggested that regulation of malate levels in developing fruit might also 
involve the roles of apoplast (e.g. pectin). There were two lines of evidence in the 
literature supporting the possible role of apoplast in fruit malate levels: 1) Pectin 
content and degree of methylation in root-apex was relevant for Al-tolerance where 
malate efflux is an important mechanism (H et al. 2001; JK 2002; SJ and SH 1998; 
Wehr et al. 2003). 2) The shift of fruit phloem unloading from symplastic to apoplastic 
pathway prior to maturity was coupled with sharper decline of malate in vacuole than 
in apoplast in ripening grape berries (Keller and Shrestha 2014; Zhang et al. 2006). In 
other fruits, such as cucumber (Hu et al. 2011) and tomato (Ruan et al. 1995), similar 
fruit phloem unloading shift was reported as well. In apple (Golden Delicious) 
developing fruit, phloem unloading was also observed to be via apoplast (Zhang et al. 
2004). 
The roles of genes in other seven functional classes related to secondary 
metabolism (16.1.4 and 16.8), stress (20.1.7 and20.2.99), protein synthesis 
(29.2.1.1.1), protein targeting (29.3), protein degradation (29.5.3), cell organization 
(31.1) and miscellaneous (26.21) will not be discussed due to the complexity of their 
functions and the limited scope of the study. Obviously, whether or not and how any 
of these 363 genes would play a role in regulating fruit malate levels are questions that 
can only be answered by functional studies in the future. An important direction would 
be to investigate how gene Ma1 might interact with the genes putatively encoding 
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receptor kinases (30.2.11 and 30.2.17), protein kinases (29.4.1.57) and C2H2 
transcription factors (27.3.11). 
In conclusion, through analysis of RNA-seq data derived from Golden 
Delicious fruit at 14 developmental stages, we identified 19 functional classes that 
were co-enriched or co-suppressed in a malate dependent manner, which encompassed 
363 genes. The putative function of these genes suggests that several pathways might 
be critical for the variation of malate in developing fruit, including the malate and 
pyruvate interconversion reaction, photosynthesis, mitochondrial electron transport 
and amino acid degradation. The identification of functional classes of C2H2 zinc 
finger transcription factors, protein posttranslational modification, and signaling 
receptor kinases suggests that they are likely essential for transcriptional regulation in 
the major co-expression gene network regulating malate levels in developing fruit, 
which were inferred to comprise 286 of 363 genes. Despite the complexity of the gene 
network, this study has provided transcriptomics clues relevant for better 
understanding the change of malate levels in developing apple fruit. 
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CHAPTER 4 
 
UNCOVERING THE MA1 ASSOCIATED CO-EXPRESSION GENE NETWORK 
GOVERNING APPLE FRUIT ACIDITY 
 
4.1 Introduction 
 
Apple fruit acidity refers to the sensory intensity of tardiness or sour taste of fruit flesh 
tissues. The stronger the sourness taste, the higher the fruit acidity levels. Chemically, 
fruit acidity can be quantified by measuring fruit juice pH and/or titratable acidity 
(TA). It has been shown that several organic acids are present in mature apple fruit, 
including malic acid, quinic acid, citric acid and others, but malic acid accounts for 
more than 90% of the total (Hulme and Wooltorton 1957; Yamaki 1984; Zhang et al. 
2010), thereby largely determining fruit acidity. For dessert apples, the acceptable 
range of fruit acidity was estimated of 3.0-10.0 mg/ml. This makes fruit acidity an 
essential quality component not only determining the fate of existing varieties, but also 
prompting routine evaluations of acidity levels in apple breeding as genotypes of fruit 
acidity beyond the acceptable range can make up 25-50% in breeding populations. 
Comprehensibly, fruit acidity has long been an important subject area of investigations 
in apple genetics. 
The current view of genetic control of apple fruit acidity is that the trait is 
primarily governed by the major gene or QTL on chromosome 16, called Malic acid 
(Ma) alongside a significant QTL on chromosome 8 and a few other QTLs of 
relatively smaller effects (Kenis et al. 2008; Kumar et al. 2012; Liebhard et al. 2003; 
Maliepaard et al. 1998; Zhang et al. 2012a). With regard to the allelic interactions at 
the major QTL Ma, high acid allele (Ma) is nearly completely dominant over the low 
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acid allele (ma). Genotypes MaMa and Mama set fruits of normal to high acidity while 
genotype mama of extremely low acidity with little or no commercial value. To focus 
on the most important genetic factor, we (Bai et al. 2012) and others (Khan et al. 
2013) have recently isolated the major QTL Ma. The common findings were that the 
Ma locus harbors two new members of the Aluminum-activated Malate Transporter1 
(ALMT1) gene family, called Ma1 and Ma2. The studies further found that Ma1 was 
expressed in significant positive correlation with fruit acidity levels while the 
expression of Ma2 was barely detectable in both high and low acid fruit, suggesting 
that it was gene Ma1 rather than Ma2 that was the very gene underlying Ma (Bai et al. 
2012; Khan et al. 2013). In addtion, a detailed analysis of the allele specific DNA 
sequences of Ma1 indicated that a single base mutation that would stop the protein 
translation process prematurely was almost completely associated with low acidity in 
fruit studied, suggesting that the low acidity is caused by the malfunction of the MA1 
protein due to the deduced truncation at the C-terminus (Bai et al. 2012).  
These latest findings by revealing the Ma locus have markedly increased our 
understanding on fruit acidity, but many remain to be learned. The immediate 
questions to be answered include: Why is Ma1 transcribed at higher levels in 
genotypes MaMa and Mama than in genotype mama if the stop codon leading 
mutation was the cause for low acidity? How does the stop codon leading mutation in 
Ma1 affect the landscape of transcriptomes in genotype mama in relation to MaMa 
and Mama? If the Ma1 is a central regulator in an integrated gene network governing 
fruit acidity, what would be the other possible members? The development of mRNA 
sequencing (RNA-seq) technology that unlocks the power of high throughput next 
generation sequencing (NGS) has provided an ideal means to address these questions. 
Since its inception (Mortazavi et al. 2008; Wilhelm and Landry 2009), RNA-seq has 
been rapidly adapted in transcriptomics studies in plants such as Arabidopsis (Lister et 
 150 
 
al. 2008), grape (Zenoni et al. 2010), maize (Li et al. 2010) and rice (MJ et al. 1998). 
In apple, RNA-seq based studies have recently been reported as well (Krost et al. 2013; 
Krost et al. 2012; M et al. 1999; T et al. 1995; Xia et al. 2012; Zhang et al. 2012b). To 
resolve the low coverage issue of the current version of apple reference transcriptome, 
we improved it with RNA-seq reads from fruit of Golden Delicious, the source of the 
reference genome.  
The objectives of this study are to address the questions mentioned above. To 
do so, we first sequenced 30 RNA-seq libraries representing transcriptomes of mature 
fruit of varying acidity levels from ten apple varieties of genotypes MaMa, and Mama 
and mama, and then analyzed the RNA-seq data using the improved apple reference 
transcriptome.  
 
4.2. Materials and methods  
 
4.2.1 Plant materials and fruit acidity quantification 
 
Ten apple varieties of known genotypes at the Ma locus were chosen, including four 
of mama - Britegold, Sweet Delicious, Novosibirski Sweet and PI323617, four of 
Mama - Fuji (Red Sport Type 2), Rome Beauty Law, Cox's Orange Pippin and 
Jonathan and two of MaMa - Empire and Granny Smith.  Genotypes Mama and MaMa 
were jointly designated Ma__ to represent genotypes that had at least one functional 
allele of Ma1. The trees were budded onto rootstock P21 and grown in a research 
orchard of Cornell University, Geneva, NY, USA. Fruit of three replicates per variety 
and 8-10 fruit per replicate were harvested at maturity from 2-3 trees in fall, 2012. 
Each fruit was cross-sectioned into two halves: one half were used for maturity 
evaluation and fruit juice extraction and the other half were sliced and frozen in liquid 
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nitrogen for RNA isolation and for quantitation of malate and other metabolites. The 
evaluation of fruit maturity and fruit acidity was conducted as previously described 
(Xu et al. 2012). Fruit of Cornell Starch Index 4.0-6.0 (Blanpied and Silsby 1992) 
were considered matured and only matured fruit (with the core removed) were used 
for analysis. Fruit acidity was measured with both pH by a pH meter (Accumet AB15, 
Fisher Scientific, PA, USA) and titratable acidity (TA) by an autotitrator (Metrohm 
848 Titrino Plus with 869 compact sample changer, Metrohm, Herisau, Switzerland). 
Fruit organic acids were extracted and derivatized following a protocol 
described previously (Lisec et al. 2006) with minor modifications, which was 
addressed in detail in Bai et al. (2014a). Briefly, metabolites were extracted from 100 
mg homogenized apple fruit tissue using 1.4 ml of 75% methanol with 600 ppm ribitol 
added as internal standard and then dried under vacuum, which were followed by two 
steps of derivatization reactions. The derivatized metabolites were analyzed with an 
Agilent 7890A GC/5795C MS (Agilent Technology, Palo Alto, CA, USA) with the 
same configurations and settings as described in Bai et al. (2014a). Metabolites were 
identified by comparing fragmentation patterns with those in mass spectral libraries 
and quantified based on standard curves for each metabolite and the internal standard 
ribitol. Statistical analyses, such as ANOVA and the Student’s t test were performed in 
JMP Pro10 (SAS, Cary, NC).  
 
4.2.2 RNA isolation and strand specific RNA-seq library construction and sequencing 
 
RNA isolation, and RNA-seq library construction were performed as previously 
described in Bai et al. (2014b). Briefly, total RNA was isolated from 3g of ground 
fruit tissue and treated with DNase I (amplification grade, Invitrogen/Life 
Technologies, Carlsbad, CA). As described in Bai et al. (2014b), NEBNext Poly(A) 
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mRNA Magnetic Isolation Module and NEBNext Ultra Directional RNA Library Prep 
Kit for Illumina (New England Biolabs, Ipswich, MA) were used for mRNA isolation 
and stand specific RNA-seq library construction. The mRNA was isolated from 5 ug 
of total RNA and was fragmented at 94°C for 10min. First strand cDNA was reverse 
transcribed from the fragmented mRNA with dATP mix and second strand cDNA was 
synthesized from the first strand cDNA with dUTP mix. The resulting double strand 
cDNA was end-repaired, adaptor-ligated, size-selected, and followed by USER 
enzyme digestion of the second strand cDNA and PCR enrichment in 14-16 cycles. 
The libraries were multiplexed in equal amount for single-end 100 base sequencing in 
three lanes of HiSeq 2000 (Illumina, San Diego, CA) at the Cornell University 
Biotechnology Resource Center (Ithaca, NY). The ten apple varieties were sequenced 
in three biological replicates with one replicate per lane. 
 
4.2.3 RNA-seq data analysis  
 
RNA sequencing generated 30 sequence FASTQ files with a total of 615.6 million 
reads (Table 4.1). The raw reads were fed into Bowtie (Langmead et al. 2009) to 
remove bar codes and adapters, followed by aligning to rRNA database downloaded 
from http://www.arb-silva.de allowing up to three mismatches (Quast et al. 2013). 
Data analyses were performed using CLC Genomics Workbench (CLC GW) v6.5 
(CLCBio, Cambridge, Massachusetts). The rRNA depleted reads were imported into 
CLC GW to trim low quality reads and/or bases using the quality limit of 0.05 and the 
ambiguous limit of 1. The resultant clean and high quality reads were mapped  
against the improved apple reference transcriptome (Bai et al. 2014b) using the 
minimum similarity fraction 0f 0.98, the minimum length fraction of 0.8 and the 
maximum number of hits of 10. For convenience, hereafter the novel reference 
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       Table 4.1 Overview of RNA-seq reads mapping 
Sample 
Name 
Raw Reads  Clean and 
high quality 
reads 
Total mapped reads Uniquely mapped reads 
Count Rate(%) Count  Rate(%) 
B_rep1 19,988,850 18,090,212 13,224,684 73.1  11,050,718 61.1 
B_rep2 18,390,359 16,665,545 12,390,438 74.3  10,357,109 62.1 
B_rep3 13,774,683 12,937,762 9,713,920 75.1  8,129,087 62.8 
C_rep1 10,999,347 5,858,386 4,196,304 71.6  3,440,510 58.7 
C_rep2 9,961,580 8,287,353 6,258,449 75.5  5,221,241 63.0 
C_rep3 13,850,408 9,205,224 6,814,163 74.0  5,664,150 61.5 
E_rep1 25,330,875 19,672,562 14,664,581 74.5  12,031,039 61.2 
E_rep2 17,735,691 14,002,497 10,577,742 75.5  8,673,332 61.9 
E_rep3 17,996,572 12,998,952 9,758,083 75.1  7,877,473 60.6 
F_rep1 20,616,175 19,255,968 14,553,591 75.6  12,193,928 63.3 
F_rep2 27,314,760 23,879,202 17,883,722 74.9  14,956,353 62.6 
F_rep3 16,001,675 14,160,346 10,636,482 75.1  8,906,461 62.9 
G_rep1* 18,464,198 3,487,013 1,922,103 55.1  1,265,630 36.3 
G_rep2 21,853,897 18,401,994 14,030,668 76.2  11,637,676 63.2 
G_rep3 23,204,576 19,472,936 14,828,356 76.1  12,318,014 63.3 
J_rep1 20,946,545 15,194,756 11,379,660 74.9  9,319,118 61.3 
J_rep2 17,072,375 12,447,289 9,421,763 75.7  7,775,122 62.5 
J_rep3 30,600,975 20,954,078 15,579,561 74.4  12,778,713 61.0 
N_rep1 33,446,343 26,090,450 18,438,899 70.7  15,081,832 57.8 
N_rep2 26,028,574 20,575,728 14,794,890 71.9  12,124,196 58.9 
N_rep3 21,201,256 19,016,910 13,688,174 72.0  11,317,824 59.5 
P_rep1 16,246,019 10,560,623 7,719,453 73.1  6,425,807 60.8 
P_rep2 12,162,206 8,528,412 6,325,021 74.2  5,268,151 61.8 
P_rep3 12,564,429 9,994,648 7,379,126 73.8  6,153,560 61.6 
R_rep1 27,347,497 24,529,890 18,744,681 76.4  15,691,355 64.0 
R_rep2 23,186,447 19,602,928 15,012,272 76.6  12,496,053 63.7 
R_rep3 24,034,622 21,525,886 16,449,310 76.4  13,787,899 64.1 
S_rep1 25,150,325 20,191,803 15,196,181 75.3  12,613,314 62.5 
S_rep2 23,260,887 17,619,738 13,302,850 75.5  10,967,333 62.2 
S_rep3 26,868,746 15,048,868 10,994,109 73.1  8,877,105 59.0 
Total 615,600,892 478,257,959 355,879,236 / 294,400,103 / 
Mean 20,520,030 15,941,932 11,862,641 73.9 9,813,337 60.8 
St Dev 5,808,998 5,561,988 4,199,348 3.8 3,515,793 4.8 
 
*The mapping rate of G_rep1 is too low and this sample is not used in the downstream RNA-seq analysis. 
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 transcripts will also be referred to as ‘genes’ in text.  
Gene expression levels were calculated and normalized by reads per kilobase 
of exon model per million mapped reads (RPKM) (Mortazavi et al. 2008). Genes of 
RPKM>0.3 were defined expressed according to a previous study (Kang et al. 2013).  
 
4.2.4 Identification of genes expressed differentially between genotypes mama and 
Ma__ and in correlation with Ma1  
 
To identify differentially expressed genes between genotypes mama and Ma__, the 
RPKM data were subjected to the Baggerly’s test (Baggerly et al. 2003). The original 
p-values in the Baggerly’s test were adjusted for multiple testing using Benjamini-
Hochberg correction to control the false discovery rate (Benjamini and Hochberg 
1995). The cutoff for a gene expressed differentially was PFDR<0.05. For the 
differentially expressed genes, the correlation coefficients (Pearson’s r) with Ma1 
expression levels were calculated in Microsoft Excel 2010. The significance of 
correlation was set to Pr>0.632<0.05.  
 
4.2.5 Inferring of the Ma1 associated co-expression gene network  
 
The RPKM data of the selected genes were square root transformed and averaged for 
each apple variety and then analyzed in Cytoscape 3.1 (Saito et al. 2012). The 
networks were inferred using the basic correlation method with |r|>0.9 and analyzed 
using the Cytoscape plugin Network Analyzer (Assenov et al. 2008). 
 
4.2.6 q RT-PCR Analysis  
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Q RT-PCR analyses were conducted with the same total RNA samples (after DNase I 
treatment) used for RNA-seq library construction. Two micrograms of total RNA were 
reverse transcribed using the Superscript III RT module (Invitrogen/Life technology, 
Carlsbad, CA). The resulting first strand cDNA was diluted by fivefold and used as 
template for q RT-PCR analysis on LightCycler 480 (Roche, Indianapolis, IN), where 
an apple actin gene (EB136338) served as reference. The primer sequences of the 
reference gene and the target ten genes were listed in Table 4.2. For each reaction, a 
final volume of 16 μl was used, containing 5 μl of the cDNA dilutions, 0.5 μM 
forward and reverse primers and 1× SYBR green master mix (Roche, Indianapolis, 
IN). A standard curve for each gene was generated by a four level serial dilution of the 
template cDNA (1/5, 1/50, 1/500 and 1/5000). The qPCR program includes an initial 
denaturation step of 10 min at 94°C, a 45-cycle amplification of 10 s at 94°C, 25 s at 
55°C, and 25 s at 72°C, and a dissociation stage of 5 s at 95°C, 60 s at 60°C, and 15 s 
at 97°C. 
Expression quantification and data analysis were performed by software 
LightCycler 480 v1.5 using the comparative cycle threshold method (Pfaffl 2001). 
Amplification efficiency (E) of each gene was calculated as E=10 [-1/slope] using the 
slope of its standard curve. Statistical tests such as ANOVA and the Tukey's HSD 
(honest significant difference) test were performed in JMP Pro10 (SAS, Cary, NC).  
 
4.3. Results  
 
4.3.1 Fruit metabolite profiling and acidity evaluation 
 
Fruit metabolite profiling was conducted using GC-MS with three biological replicates 
in the ten apple varieties. A total of 19 metabolites were quantified, including 12 
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                       Table 4.2 List of primers used in qRT-PCR 
Primer ID Primer Seq 
2F_M_219042 CACCCAAACCTGATGAGAAGA 
2R_M_219042 TGCTTCAACAGCTTCACTGG 
3F_M_442350 GTGGTGAGTGAGAGGGTGGT 
3R_M_442350 TTCTGCACTGTCCTATCCAAGA 
4F_M_651862 ATTGACGATCAAGTGGAGCA 
4R_M_651862 ATCTGGGACCGGACAACTC 
6F_M_349063 TTGCGATCTCAATCACGAAA 
6R_M_349063 CAAGAGTGAAAGAGACAAAGCTGA 
11F_M_190273 GCACAAGATGGAATCCTGAAA 
11R_M_190273 CAACCTTCTTCCTCCCTGAA 
13F_M_132720 TCAGCTTGAGAGGGTGAATGT 
13R_M_132720 TCACAATTCTCGGCCTCTTT 
14F_M_815327 AATGAAGATCGTTGTGAAGGTG 
14R_M_815327 GACGAGGTCGGCTTTACTTCT 
15F_M_163222 TACCACCACTTTGCTCCACA 
15R_M_163222 TCATTTCTCTCCCACGGATT 
16F_M_196894 GCATCACGAAGAAGACGATG 
16R_M_196894 TTCTTGCCGTGAATCAACAA 
Ma1F_M_252114 GTACTCCGACTTGGGCTTCA 
Ma1R_M_252114 ACATCTTTGAGCGGCACTTT 
ActionF_EB136338 GGCTGGATTTGCTGGTGATG  
ActionR_EB136338 TGCTCACTATGCCGTGCTCA 
 
 
 
 
 157 
 
soluble sugars and seven organic acids. Among the 12 sugars, only sorbitol 
concentrations were significantly (P<0.001) higher in genotype mama (7.42±2.01 
mg/g) than in genotype Ma__ (5.37±1.89 mg/g), while other sugar levels, especially 
the high abundant fructose, sucrose and glucose, were consistent across the varieties. 
Among the seven organic acids - malate, dehydroascorbate, maleate, succinate, 
fumarate, citrate, and quinate, the most abundant acid was malate (89.7% of the total 
acidity), followed by quinate (6.2%) and maleate (2.2%). Malate concentrations were 
significantly (P<0.001) different across the ten apple varieties (Figure 4.1A) and more 
than three times significantly (P<0.001) higher in genotype Ma__ than in mama 
(Figure 4.1B). Fruit titratable acidity (TA) was in very similar level as malate (Figure 
4.1B). Specifically, the group-mean malate concentrations were 2.16±0.41 and 
7.58±1.23 mg/g and the group-mean TA were 2.15±0.61 and 7.80±1.79 mg/ml in the 
mama and Ma__ groups, respectively (Figure 4.1B). The concentrations of maleate, 
succinate, fumarate and citrate were also significantly different between the mama and 
Ma__ groups (P<0.001 in t test) (Figure 4.1C).  
 
4.3.2 Gene expression analysis in groups of genotypes mama and Ma__ 
 
Gene expression analysis was conducted using the improved apple reference 
transcriptome (Bai et al. 2014b). After removing low quality reads derived from rRNA, 
the total reads for RNA-seq mapping were 478.3 million. Overall the total mapped and 
uniquely mapped reads were 355.9 million (73.9%) and 294.4 million (60.8%) (Table 
4.1). The mean mapped reads per sample were 11.9±4.2 million in total and 9.8±3.5 
million in unique (Table 4.1). The RNA-seq sample of Granny Smith replicate I had 
high percentage of rRNA reads and low mapping rate and thus was excluded from the 
downstream analysis.  
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Figure 4.1 Organic acid concentrations in Ma1 genotypes of mama and Ma__. 
Standard deviations were shown with the error bars. A. Malate concentration across 
the ten apple varieties. B. Malate concentration and titratable acidity in different Ma1 
genotypes. C. Succinate, fumarate and citrate and maleate concentrations in different 
Ma1 genotypes.  
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Based on the cut off of RPKM>0.3, there were 50,951 genes expressed in at 
least one sample (Figure 4.2). Considering the mean expression levels of the two 
genotype groups, the total number of expressed genes (RPKM>0.3 in at least one 
group) was 41,465 (Figure 4.3A). In individual genotype group, there were 38,348 
genes expressed in the mama group and 39,854 in the Ma__ group with 36, 737 in 
common between the two (Figure 4.3A). Consistent with the group pattern of organic 
acids, the mean Ma 1 expression level in the Ma__ group was significantly (P<0.001) 
higher than its expression in the mama group. 
In terms of the total mapped reads of the expressed genes, there were 10.7±2.7 
million reads per sample in the mama group and 11.1±3.1 million reads per sample in 
the Ma__ group (Figure 4.3B). Regarding the uniquely mapped reads, there were 
9.2±2.3 million and 9.6 ±2.7 million reads per sample in the mama and Ma__ groups, 
respectively (Figure 4.3B).  
4.3.3 Identification of genes expressed differentially between genotype groups mama 
and Ma__ and in association with Ma1  
To identify genes expressed in a genotype-dependent manner, the expression data 
were compared and subjected to the Baggerly’s test (Baggerly et al. 2003). It showed 
that there were 716 genes expressed significantly (PFDR<0.05) differentially between 
the mama and Ma__ groups (Figure 4.2). To examine how the 716 differentially 
expressed genes were expressed in correlation with Ma1, we calculated their 
correlation coefficients (Pearson’s r) and identified 303 significantly (Pr>0.632<0.05) 
correlated genes (Appendix 2). Since these 303 genes were not only expressed 
differentially between the two genotypes mama and Ma__, but also in correlation with 
Ma1, we concluded that they were relevant members of the Ma1 regulated 
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Figure 4.3 Overview of RNA-seq data analysis. A. Venn diagram representation 
of the number of genes expressed in genotype mama (blue) and Ma__ (red) 
(RPKM>0.3). B. Mean number of total and unique mapped reads per sample in 
the groups of Ma1 genotypes mama and Ma__. Standard deviations were shown 
with the error bars. 
Genotype group 
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co-expression network controlling fruit acidity. Consistent with previous observations, 
the expression of Ma1 was significantly correlated with fruit acidity in mature apple 
(with malate Pr=0.832<0.05 and with TA Pr=0.725<0.05).  
MapMan gene ontology analysis showed that 187 (61.7%) of 303 genes were 
assigned to one or more MapMan functional bins while the remainder 116 (38.3%) 
were not assigned (Figure 4.4). Bins ‘29_protein’ of 34 (11.2%) genes, ‘27_RNA’ of 
17 (5.6%), ‘20_stress biotic’ of 16 (5.3%), ‘26_miscellaneous’ of 16 (5.3%) and 
‘30_signaling of 16 (5.3%) were the largest bins among the assigned whereas 
‘2_major CHO metabolism’ ‘4_glycolysis’, ‘6_gluconeogenesis’, ‘9_ Mitochondrial 
electron transport’ and ‘18_ Co-factor and vitamin metabolism’ were the smallest bins 
of only one gene (Figure 4.4). In the unassigned 116 genes in Bin 35, 42 (36.2%) were 
found of significant hits, but there were no gene ontology assigned in MapMan; and 
the rest 74 (63.8%) were unknown.  
4.3.4 Co-expression gene network associated with Ma1 
Using the Cytoscape Networking interfering tool (Cyni) and the Pearson’s correlation 
threshold r>0.9, a major Ma1 associated co-expression network of 264 nodes (genes) 
was constructed from the 303 genes (Figure 4.5A). Analyzing the networks with 
Cytoscape plugin NetworkAnalyzer v2.7 (Assenov et al. 2008) showed that there were 
23 nodes of the highest degrees of 13-25 while 143 nodes were of the lowest degrees 
of 1-5(Figure 4.5C). The 23 genes of the highest degrees were considered to be of 
greater regulatory roles in the gene network governing fruit acidity, especially Ma1 
and those of putative roles in calcium and light signaling (M319170, M140330, 
M841118 and M307855), transcription regulation (M423596), protein post-
translational modification (M651862 and M250124) and the TCA cycle (M682401), 
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Figure 4.4 Distribution in MapMan bins of the 303 genes which were expressed not 
only significantly (p<0.05) in correlation with Ma1 expression, but also significantly 
(PFDR<0.05) in difference between the mama and Ma__ groups. The MapMan bins 
were coded with numbers 1-35, prefixing the bin name with a dash. 
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Figure 4.5 A graphic representation of the major and minor co-expression gene 
networks consisted of 279 of the 303 genes (Appendix 2) that were associated with 
Ma1. The networks were constructed using the Cytoscape network inferring tool 
(Pearson’s r>0.90) and analyzed with NetworkAnalyzer (Assenov et al. 2008). Node 
sizes are in proportion with their degree values. Node color and shape keys are 
indicated in the legend. A. A major co-expression gene network of 264 members. B. 
The minor networks. C.  Distribution of node degrees in the major network.  
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which were listed in Table 4.3. 
A close look at the major co-expression network revealed that Ma1 had 13 
primary neighbors (Figure 4.6A) and 78 secondary neighbors (Figure 4.6B). The 
expression of the 13 primary neighboring genes showed that ten of them were up-
regulated and three were down-regulated in the Ma__ genotype group in relation to the 
mama group (Table 4.3). The ten up-regulated genes included two (M140330 and 
M319170) putatively for encoding calcium signaling proteins, one (M682401) for 
pyruvate dehydrogenase in TCA cycle, one (M250124) for serine/threonine protein 
kinase, one (M911376) for phosphatidylcholine-sterol O-acyltransferase in lipid 
metabolism, and five for proteins of unknown function. The three down-regulated 
genes, however, putatively encoded a UDP-glucosyltransferase (M752561), a 
polyphenol oxidase (M744636) and a protein of unknown function (G200575) (Table 
4.3). 
Among the 78 secondary neighboring genes of Ma1, 64 were functionally 
annotated by MapMan, including 44 up-regulated and 20 down-regulated in the Ma__ 
group in relation to the mama group (Appendix 2). Notably, there were six 
transcription factors in the list, i.e. M945260 (an auxin responsive factor), M423596 (a 
homeobox factor), M224740 and M290818 (both similar to Arabidopsis response 
regulator1 (ARR1)), M190273 (an ethylene insensitive 3-like factor (EIL)), and 
G105310 (an ethylene responsive factor). The first five of the six transcription factors 
were up-regulated and the last one was down-regulated in the Ma__ group. The 
secondary neighboring genes also included three transporter encoding genes that were 
up-regulated in the Ma__ group, i.e. M834327 (a cyclic nucleotide gated channel), 
G103588 (an aquaporin PIP2) and M269936 (an ABC transporter). Given the limited 
scope of this study, the other secondary neighboring genes (Appendix 2) would not be 
described. 
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Figure 4.6 A graphic representation of the Ma1 associated co-expression gene 
networks consisted of 92 primary and secondary neighboring genes. The networks 
were constructed using the Cytoscape network inferring tool (Pearson’s r>0.90) and 
analyzed with NetworkAnalyzer (Assenov et al. 2008). Node sizes were in proportion 
with their degree values. Node color and shape keys are indicated in the legend. A. A 
co-expression gene network of the primary neighbors of Ma1 of 14 nodes. B. A co-
expression gene network of the primary and secondary neighbors of Ma1 of 92 nodes. 
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4.3.5 qRT-PCR confirmation of gene expression 
To evaluate whether or not the RPKM values truly reflect the gene expression levels, 
eight genes, including Ma1, M190273, M651862, M815327, M132720, M163222, 
M196894 and M219042, were analyzed using qRT-PCR (Figure 4.7). The data 
confirmed that the relative expressions of the eight genes in qRT-PCR were 
significantly (P<0.05) correlated with their RPKM values in RNA-seq. 
4.4 Discussion 
4.4.1 Identification of genes expressed differentially between the two genotype groups 
mama and Ma_ 
In this study, ten apple varieties were carefully chosen to represent the two genotype 
groups mama and Ma__ (MaMa and Mama) of contrast fruit acidity levels. These 
varieties were grafted on the same rootstock P22 and grown in the same orchard with 
the same management to curtail the environmental impacts on gene expression. 
However, since the apples are of different genetic background and are matured at 
varying dates, fruit transcriptome at maturity were inevitably influenced by these 
genetic and environmental variables.  To minimize such bias, three replicates per 
variety and at least four varieties per genotype group were sampled and used for RNA-
seq analysis. Although this strategy might not be perfect, we are convinced it is 
appropriate and adequate for the defined objectives in this study.  
Overall, we found 38,348 genes expressed (RPKM >0.3) in the mama group 
and 39,854 genes in the Ma__ group. Since there were 36,737 genes expressed in both  
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Figure 4.7 Confirmation of gene expression of eight selected genes using qRT-PCR. 
A-H. The normalized expression of target genes relative to a control gene (actin) in 
qRT-PCR was shown in red, and their corresponding RPKM values from RNA-seq 
were in blue. The correlation coefficient (r) was shown accordingly.  
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groups, the total number of expressed genes was 41,465. Of these expressed genes, 
303 were not only expressed significantly (PFDR<0.05) differentially between the 
mama and Ma__ groups but also in significant (Pr>0.632<0.05) correlation with Ma1 
expression in the ten apple varieties. Considering the fact that the confirmation of 
significant correlation between the RNA seq and  qRT-PCR data in the ten genes 
tested, we believe that the majority, if not all, of the genes that were responsible for 
higher expression of Ma1 in genotype Ma_ than in genotype mama, that were essential 
for the change of the transcriptome landscape between the two genotype groups and 
that were members important for the Ma1 associated co-expression gene network 
governing fruit acidity were included in the 303 genes.  
4.4.2 Regulation of the expression of Ma1 and its associated co-expression gene 
network governing fruit acidity 
The major co-expression gene network comprised 264 of the 303 genes associated 
with Ma1, of which 23 were of the highest degrees (13-25) (Figure 4.5). The degree 
threshold for defining genes of the ‘highest degrees’ in the network was equal to the 
degree 13 observed for Ma1. We considered this threshold was appropriate given the 
master regulatory role of Ma1 in apple fruit acidity (Bai et al 2012). The gene that had 
the top degree (25) in the network was M319170, which encoded a calmodulin 
binding protein involving calcium signaling. Moreover, there were two additional 
genes in the gene list of the highest degrees (Table 4.3), i.e. M140330 (Calmodulin-
like protein) and M841118 (encoding a calcium-dependent phospholipid binding 
protein) also involved in the calcium signaling. Further, these three calcium signaling 
related genes were all up-regulated in the Ma_ genotype group in relation to the mama 
group, and M319170 and M140330 were two of the 13 primary neighbors of Ma1 
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while M841118 a secondary neighbor. These observations strongly suggested calcium 
signaling modulated by genes M319170, M140330 and M841118 was likely a crucial 
mechanism that regulates the expression of Ma1 and its associated co-expression gene 
network governing fruit acidity.  
The current model accounting for the ALMT1 (the first members of the ALMT 
gene family that includes Ma1) mediated plant tolerance to aluminum toxicity 
comprises a series of elements, including environmental cures (Al3+/H+), a receptor 
(unknown), signal transduction (unknown), kinase and/or phosphatase specific for 
transcriptional factor (unknown), transcription factors (STOP1 in Arabidopsis and 
ART1 in rice, both are C2H2 zinc fingers) and responsive genes (ALMT1 and others) 
(Delhaize et al. 2012). In a transcriptomics study in developing apple fruit (Bai et al. 
2014a), several groups of genes of functionally similar to these elements were co-
enriched or -suppressed in a malate dependable manner, including 14 C2H2 
transcriptional factors, 27 protein kinase, and 23 receptor kinases for signaling. In 
addition, G105811, one of 14 C2H2 transcription factors, was even annotated as a 
STOP1-like protein by Mercator. These had led to a proposal for a transcriptional 
regulation model for malate variations in developing fruit similar to the model for 
aluminum tolerance, but there was no element potentially for the environmental cure 
speculated (Bai et al 2014b). In this study, a notion was clear that calcium signaling is 
likely vital for fruit acidity. Based on this notion, we propose that calcium be the intra-
/inter-cellular cure and calmodulin (e.g. M140330 and M841118) be the receptor and 
for the fruit malate model. Indeed, in literature calcium (Ca
2+
) has been regarded as
one of the most prominent secondary messengers in plant (White and Broadley 2003) 
and calmodulins (CaM), a group of calcium sensor and signal transducer proteins, are 
known for their roles in regulating diverse cellular functions, such as gene expression, 
enzyme activity, and transport across membranes (Bouché et al. 2005). If this model 
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stood, M319170 the gene of the most degree in the network and encoding a 
calmodulin binding protein would be regulator for the calcium mediated signaling. It 
should be pointed out that, however, this study did not identify a single C2H2 zinc 
finger protein encoding gene that was associated with Ma1, an key element in the 
ALMT1 mediated aluminum tolerance model although one transcription factor 
(M423596, a homeobox-leucine zipper protein) was found in the 23 genes of the 
highest degrees and four (M190273, M224740, M290818, M950387 and G105310) 
were listed in the secondary neighbors of Ma1. 
4.4.3 Expression of other transporters in support of the vacuole ‘acid trap’ theory 
Our previous study reported that Ma1, a putative aluminum activated malate 
transporter (ALMT) like gene, was the primary determinant of malate content in 
mature apple fruit (Bai et al. 2012). MA1 protein was highly homologous to 
Arabidopsis malate channel proteins AtALMT6 and AtALMT9 that were located on 
vacuolar membrane (Bai et al. 2012; Khan et al. 2012; Meyer et al. 2011).  Berüter 
(2004) observed that uptake of 
14
C-labelled malate was significantly lower in excised
apple fruit of a low-acid genotype than in high-acid fruit and suggested that the 
reduced capacity of vacuolar storage in the low-acid fruit may lead to its higher rate of 
malate degradation. According to these findings, the vacuolar storage of malate may 
play an essential role in regulating fruit acidity in mature apple, while the malate 
related metabolism may respond to the vacuolar accumulation accordingly. 
Based on the ‘acid trap’ theory in Martinoia et al. (2007) (2012), almost all 
malate was in the form of dianion in the cytosolic environment at neutral or slightly 
alkaline pH. Dianion malate was the only chemical form that malate transporters and 
channels can transport (Berüter 2004; Martinoia et al. 2007; Oleski et al. 1987). Once 
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the dianion malate crosses the tonoplast and enters the vacuole, where the pH turns to 
acidic, it is protonated and ‘trapped’ inside the vacuole, generating its electrochemical 
potential gradient (Δψ). The trapping ability of malate depends on both the vacuolar 
pH and the malate Δψ across tonoplast. In this study, there were higher levels of 
malate accumulated in vacuole in the Ma__ varieties than in the mama varieties. In the 
vacuoles of the apple cells in genotype Ma__, increased cation influx should be 
observed to neutralize the high concentration of anion (mostly malate). In the 303 
genes, the expression of voltage-gated potassium channel (M322339), a cation 
translocator, was up-regulated in the Ma__ varieties. Notably, the plasma aquaporin 
PIP2 (G103588) was expressed more than five times higher in the Ma__ than in the 
mama apples, indicating that the cellular influx and efflux of H2O might play a role in 
maintaining the vacuolar ‘trapping’ ability because aquaporins could adjust cytosolic 
malate concentration and thus the malate Δψ across tonoplast. In sum, not only Ma1, 
the aluminum activated malate transporter, but also the potassium channel and the 
aquaporin jointly contributed to the vacuolar accumulation of malate in apple fruit 
cells.  
Summary By comparing the fruit transcriptomes from ten apple varieties in two 
genotype groups mama and Ma_ (including MaMa and Mama) of contrast fruit acidity 
levels, a set of 303 genes was identified to be expressed not only differentially 
between the two groups but also in significant correlation with the expression of Ma1. 
Network inferring from the 303 genes revealed a major Ma1 associated co-expression 
gene network of 264 nodes (genes). Analysis of the major network uncovered a subset 
of 23 genes of the high network degrees, which included Ma1. Within the major co-
expression network, Ma1 was characterized with 13 primary and 78 secondary 
neighboring genes. Based on the putative function of the 23 genes of the high network 
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degrees and/or the 11 primary neighboring gene of Ma1, we concluded that calcium 
signaling modulated by genes M319170 (encoding a calmodulin binding protein), 
M140330 (encoding a calmodulin-like protein) and M841118 (encoding a calcium-
dependent phospholipid binding protein) was likely a crucial mechanism that regulates 
both the expression of Ma1 and the Ma1 associated co-expression gene network 
governing fruit acidity.  
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